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SUMMARY
P rev ious s tu d ie s  o f th e  p ro cess  o f o o rro s io n  o f s t e e l  by 
su p erh ea ted  a lk a l in e  w a te r  have shown t h a t  th e  fo rm atio n  and subsequent 
decom position o f fe r ro u s  hydroxide may be re s p o n s ib le  f o r  some o f th e  
m agnetite  s c a le  found in  o p e ra tin g  b o ile r s *  W ith  th e  in c re a s in g  use 
o f a l lo y  s t e e l s ,  th e  p r o p e r t ie s  o f c o b a lt  and n ic k e l  hydroxides under 
th e se  c o n d itio n s  a re  a ls o  o f i n t e r e s t 0
There i s  reason  to  ex p ec t th a t  th e  mechanism o f th e  decom position  
w i l l  be th e  same under hydro therm al c o n d itio n s  a s  f o r  th e  dry s o l id  and 
a c c o rd in g ly , k in e t ic  s tu d ie s  o f th e  decom positions have been made in  
a i r  and in  vacuo where a p p ro p ria te *  Both iso th e rm a l and non~ iso therm al 
methods have been used  to  o b ta in  k in e t ic  p a ra m e te rs . P rev io u s  methods 
f o r  a n a ly s in g  n on« iso therm al d a ta  have been found  to  be u n r e l ia b le  and 
a new approach  has been d ev ised  w hich g iv e s  r e s u l t s  in  agreem ent w ith  
iso th e rm a l s tu d ie s .  The s im i l a r i t y  o f th e  r e a c t io n  un d er hydrotherm al 
c o n d itio n s  has been confirm ed  by a u to c lav e  experim ents*
f e r r o u s ,  co b a lto u s  and n ic k e l ic  hydrox ides a l l  have th e  magnesium 
hydroxide s t r u c tu r e  and so s i m i l a r i t i e s  in  th e  mode o f decom position  a re  
to  be expected* f o r  exam ple, decom positions sho u ld  be to p o ta c t io  p ro c e sse s  
w ith  a d e f in i te  c iy s ta l lo g r a p h io  o r ie n ta t io n  betw een s t a r t i n g  m a te r ia l  
and p ro d u c t. This has been confirm ed by X~ray s tu d ie s  f o r  th e  n ic k e l
hydrox ide«n ickel oxide system .
The i n t e n s i t i e s  o f ray  re f le x io n s  from n ic k e l  hydroxide have
been in v e s t ig a te d  as c o n s id e ra b le  d is c re p a n c ie s  e x i s t  betw een th e  r e s u l t s
of e a r l i e r  w orkers . A good agreem ent betw een our ex p erim en ta l r e s u l t s
and c a lc u la te d  v a lu es  has been o b ta in e d .
The f a c to r s  in f lu e n c in g  th e  course  o f th e  r e a c t io n  un d er v a r io u s
c o n d itio n s  a re  d iscu ssed  and p o s s ib le  mechanisms examined.
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S E C T I O N  1
INTRODUCTION
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1 ,1 . The C orrosion  o f S te e l  by High Tem perature W ater
The developm ent o f modern h ig h  p re s su re  steam  g e n e ra tin g  p la n ts  
has aroused c o n s id e ra b le  i n t e r e s t  in  th e  b a s ic  r e a c t io n s  which govern 
th e  c o rro s io n  o f s t e e l  by su p erh ea ted  w a te r . F e rro u s m eta ls  are* in  
g e n e ra l , therm odynam ically  u n s ta b le  in  c o n ta c t w ith  w a ter and t h e i r  
u se fu ln e s s  in  steam  g e n e ra tin g  p la n ts  depends upon t h e i r  a b i l i t y  to  form 
p ro te c t iv e  f i lm s .  Thus, much o f th e  work in  t h i s  f i e l d  has been devoted 
to  a s tu d y  o f th e  n a tu re  and mechanism o f fo rm atio n  o f  th e se  f i lm s .  The 
r e a c t io n s  in v o lved  may be co n sid e red  as th o se  o f th e  iro n -o x y g en -w a te r 
(Fe-O-H^O) system , m odified  by th e  p resence  o f im p u r it ie s  o r a l lo y in g  
m eta ls  in  th e  i r o n .  However, i n  p r a c t ic e  th e  problem  i s  f u r th e r  s im p lif ie d  
as modern b o i le r s  a re  o p e ra ted  under an ae ro b ic  c o n d it io n s , and ex p erim en ta l 
work has shown th a t  th e  n a tu re  o f th e  c o rro s io n  p ro d u c t i s  n o t m odified  
by sm all q u a n t i t ie s  o f oxygen. I t  i s  on ly  when th e re  i s  v i r t u a l l y  f r e e  
access  o f oxygen, co rresp o n d in g  to  a  s t a t e  o f g ro ss  co n tam in atio n  never 
o c cu rrin g  in  modern p r a c t ic e ,  th a t  th e  com position  o f th e  f i lm  i s  changed* 
N e v e rth e le ss , experim ents under a e ro b ic  c o n d itio n s  have proved u s e f u l  in  
t h a t  th ey  have y ie ld e d  r e s u l t s  e x p lic a b le  in  term s o f  mechanisms p o s tu la te d  
as a r e s u l t  o f an ae ro b ic  ex p erim en ts . The summation o f  a l l  changes 
in  th e  c o rro s io n  r e a c t io n  may be re p re se n te d  by th e  e q u a tio n :
3Fe + 4H20 = F e ^  + 4H2
W ritte n  in  t h i s  form th e  e q u a tio n  can g iv e  no in fo rm a tio n  about c o n d itio n s  
under which th e  m ag n etite  f i lm  can be expected  to  co n fe r immunity from
f u r th e r  c o rro s io n . For t h i s ,  a more d e ta i le d  knowledge o f  th e  in d iv id u a l  
s te p s  o f th e  r e a c t io n  i s  re q u ire d .
T h ie l and Luckmann [ i ]  s tu d ie d  th e  e v o lu tio n  o f hydrogen from s t e e l  
in  b o i l in g  w a te r , (a ) In  th e  absence o f  oxygen, (b) In  th e  p resen ce  o f 
oxygen and (c ) With added a lk a l i  in  th e  absence o f oxygen, th e  a l k a l i  
c o n c e n tra tio n  be ing  . They found an i n i t i a l  ra p id  e v o lu tio n  o f g a s , 
d e c rea s in g  and e v e n tu a lly  c e a s in g  a f t e r  a  p e rio d  o f fo u r  to  f iv e  days* 
There was l i t t l e  d if f e re n c e  in  t o t a l  c o rro s io n  between (a ) and ( b ) ,  b u t 
w ith  a l k a l i  p re se n t (c )  th e  c o rro s io n  was a p p re c ia b ly  reduced*
Fellow s [ 2] no ted  a s im i la r  f a l l i n g  o f f  in  hydrogen p ro d u c tio n  a t  
h ig h e r  tem p era tu res  in  la b o ra to ry  experim ents and U lr ic h  [ 3]* who 
measured th e  amount o f hydrogen in  th e  steam  g e n e ra te d  by working b o i le r s  
o b ta in ed  th e  same re s u l t*
The e v o lu tio n  o f hydrogen cannot be used as an a c c u ra te  measure
o f b o i le r  c o rro s io n , f o r  as P o t t e r  [ 4 ] has p o in te d  ou t some hydrogen may 
keep on r e c i r c u la t i n g  in  th e  system , w h ils t  some may be l o s t  to  m easure­
ment by d if f u s io n  th rough  th e  b o i le r  tu b e s . Indeed , th e  e f fu s io n  o f 
hydrogen th rough  s e a le d  s t e e l  tu b es  c o n ta in in g  v a rio u s  s o lu t io n s  has been 
used  to  determ ine th e  r a t e  o f  c o rro s io n  in  la b o ra to ry  experim ents by 
Bloom and K ru lfe ld  [ 5] ,
Experim ents were c a r r ie d  ou t by Gould [6 , 7 ] i n  which sam ples o f 
s t e e l  were k ep t p a r t i a l l y  immersed in  b o i l in g  w ater f o r  p e rio d s  o f up to  
76 days, e i t h e r  in  se a le d  evacuated  tu b e s , o r open tu b es  w ith  f r e e  access
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o f a i r .  In  th e  an aero b ic  experim en ts, a l i t t l e  hydrogen was evolved  a t  
f i r s t ,  bu t th i s  soon ceased  and the  specim en became co a ted  w ith  a f ilm  
which was l a t e r  t r a n s f e r r e d  to  a t r a n s p a re n t  su p p o rt by a s im ila r  method 
to  t h a t  used by Evans and Tomlinson [ 8 ] ,  and id e n t i f i e d  as m a g n e tite . I t  
i s  reaso n ab le  to  assume th a t  i t  was t h i s  f ilm  which slowed down th e  a t ta c k  
on th e  m e ta l. In  h is  a e ro b ic  ex p erim en ts, Gould found a la rg e  amount 
o f m agnetite  and r u s t ,  formed e s p e c ia l ly  a t  th e  w ater l in e ;  th e  p ro d u c ts  
were e i th e r  lo o se  o r  a tta c h e d  to  th e  m eta l a t  c e r ta in  p o in ts  o n ly . At. 
th e  w a ter l in e  th e  p ro d u c ts  tended  to  be formed a long  th e  a i r /w a te r  
in te r f a c e  and c lung  to  i t .  The m etal was found to  have a deep groove 
p a r a l l e l  to  th e  w a te r lin e  as a  r e s u l t  o f th e  c o r ro s io n . The in t e r p r e t a t i o n  
o f  th e se  o b se rv a tio n s  was th a t  th e  m eta l passed  in to  s o lu t io n  as f e r ro u s  
io n s  and fe r ro u s  h yd rox ide , be ing  re a so n a b ly  s o lu b le  in  w ater, d if fu s e d  out 
from th e  m etal su rfa c e  and a t  th e  a i r /w a te r  in te r f a c e  was o x id ized  to  
th e  le s s  so lu b le  m ag n etite  and r u s t ,  which be in g  formed a t  a d is ta n c e  
from th e  m e ta l, cou ld  g ive  no p ro te c tio n ,, The c o n tin u a l o x id a tio n  o f 
th e  fe r ro u s  hydroxide to  le s s  s o lu b le  su b stan ces  p rev en ted  th e  s o lu t io n  
from becoming s u p e rsa tu ra te d  w ith  i t  and so th e  a c t io n  cou ld  co n tin u e  
in d e f in i t e ly .  Under an ae ro b ic  c o n d itio n s  th e  fe r ro u s  hydroxide formed 
a s u p e rsa tu ra te d  s o lu t io n  which p rev en ted  f u r th e r  s o lu t io n  o f th e  i r o n .  
A lthough th e se  experim ents were c a r r ie d  ou t a t  100°C, th e  r e s u l t s  shou ld  . 
be a p p lic a b le  to  o p e ra tin g  b o i l e r s ,  though undoubted ly  a t  300°C o th e r  
r e a c t io n s  may become im p o rtan t.
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A lk a liz a t io n  o f b o i le r  w a ter has been p ra c t ic e d  f o r  many y e a r s ,  
p a r t ly  as a r e s u l t  o f ex p erience  [ 9] and p a r t ly  as a r e s u l t  o f 
in te r p r e ta t io n s  o f d a ta  due to  B e il  and Tan Taack [ lo ]*  Gould*s 
experim ents showed th a t  th e  su ccess  o f t h i s  method was due to  a re d u c tio n  
o f th e  s o lu b i l i t y  o f a l l  ox ides and hydrox ides o f i r o n .  However, th e re  
i s  now c o n sid e ra b le  e v id e n c e [ i l]  to  su g g est th a t  a l k a l i  in  f a c t  in c re a s e s  
th e  c o rro s io n  r a t e  a t  o p e ra tin g  tem p e ra tu re s , bu t p ro te c ts  th e  f ilm s  
formed under th e se  c o n d itio n s  from d is in te g r a t io n  when th e  b o i le r  i s  sh u t 
down.
The re a c t io n  between pure i ro n  and w ater under an ae ro b ic  c o n d itio n s  
has been s tu d ie d  in  g r e a te r  d e t a i l  by Linnenbom [ 12] ,  He used pure  i ro n  
f o i l  o r powder which had been a lte rnate? i.y  o x id ized  and reduced  to  g iv e  an 
a c t iv e  s u r fa c e , bu t t h i s  should  n o t in v a l id a te  h is  co n c lu s io n s  in  any way. 
Experim ents were c a r r ie d  ou t a t  25°, 60° and 300°C. At 25°, th e  s u rfa c e  
o f th e  iro n  rem ained b r ig h t ,  bu t a f t e r  on ly  a few hours th e  s o lu t io n  
e x h ib ite d  a s tro n g  T yndall e f f e c t .  A f te r  4 days, th e  pH o f  th e  s o lu t io n  
was 9»3 and th e  so lu b le  i ro n  c o n ten t was 0«4p«p»m., which g ra d u a lly  
decreased  to  0 .08p .p ,m . a f t e r  30 days. The r e a c t io n  p roduct was co n sid e red  
to  be fe r ro u s  h y d ro x id e ,fo r  S h ip ley  and McHaffie [ 13] had found th a t  th e  
pH o f a s a tu r a te d  s o lu t io n  o f fe r ro u s  hydroxide was 9«4. At 60°, b lack  
m ag n etite  was formed f a i r l y  r a p id ly  and th e  s o lu b le  i r o n  c o n ten t was on ly  
0„008p.p.m , At 300°, much m ag n etite  was formed and th e  i ro n  c o n te n t o f 
th e  s o lu t io n  was h ig h e r , ten d in g  to  0 .0 5 p .p .m .
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Using a v a i la b le  thermodynamic d a ta  [ 14] ,  th e  f r e e  energy changes a t  
25°C were c a lc u la te d  f o r  th e  fo llo w in g  r e a c t io n s :
(1) Fe + 2HgO = Fe(0H) 2 + H , / '  F° -2 ,1 9 0  o a ls .
( 2) 3Fe + 4HgO = Pe 0 + 4H2 , A,F° -15 ,640  o a ls .
(3) 3Fe( OH) 2 = Pe 0 + 2H 0 + Hg, Z'.-.F° -9 ,0 7 0  o a ls .
I t  appears th a t  r e a c t io n  ( l )  though n o t therm odynam ically  fa v o u ra b le , 
p redom inates a t  room te m p e ra tu re , r e a c t io n s  ( 2 ) and ( 3) b e in g  k in e t io a l ly
u n fav o u rab le . A lthough no r e l i a b l e  thermodynamic d a ta  a re  a v a i la b le  f o r  
h ig h e r  tem p e ra tu re s , rough c a lc u la t io n s  have shown th a t  th e  f r e e  energy 
change f o r  r e a c t io n  ( 3) i s  s t i l l  n e g a tiv e  a t  500°K [ l5 ]«  Linnenbom 
s a id  however, th a t  th e re  was i n s u f f i c i e n t  therm al d a ta  to  decide  w hether 
r e a c t io n  ( 2 ) o r r e a c t io n  ( 3 ) was th e  more im p o rtan t a t  h ig h  te m p e ra tu re s .
Evans [16] g iv e s  a somewhat d i f f e r e n t  i n t e r p r e t a t i o n  o f th e  problem  
based on th e  o b se rv a tio n s  o f S c h ik o rr  [ 17] and Wanklyn [1 8 ] .
S c h ik o rr  had found th a t  f e r ro u s  hydroxide p rep a red  by th e  
p r e c ip i t a t io n  o f f e r ro u s  s a l t s  sometimes sp o n taneously  decomposed a t  room 
te m p era tu re , g iv in g  m ag n etite  and hydrogen acco rd in g  to  th e  e q u a tio n :
3Fe(0H) = Pe 0. + 2Ho0 + H  ^ 3 4 2 2
This i s  known as " S c h ik o rr1s R eac tio n " .
Wanklyn found, however, th a t  t h i s  r e a c t io n  d i d  n o t occur w ith  
pure  fe r ro u s  hydroxide^ even a t  100°C? u n le s s  t r a c e s  o f  im p u rity  were added 
b e fo re  p r e c ip i t a t io n  o f th e  f e r ro u s  hy d ro x id e . These im p u r i t ie s  in c lu d e d
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p la tin u m  c h lo r id e , c o l lo id a l  p la tin u m , n ic k e l  s u lp h a te , n ic k e l  powder, 
copper powder and to  a l e s s e r  e x te n t ,  sodium s u lp h id e . Manganous s a l t s  
had no e f f e c t .  The scope o f Wanklyn’s work was l a t e r  extended by 
Shipko and Douglas [ l 5 ] ;  more d e ta i le d  re fe re n c e  to  t h e i r  work w i l l  be 
made l a t e r 0
A ccording to  Evans, W anklyn's o b se rv a tio n  th a t  th e  decom position  
o f  f e r ro u s  hydroxide took  p la ce  in  th e  p resence  o f a m e ta l l ic  phase 
su g g es ts  an e le c tro -c h e m ic a l tra n s fo rm a tio n , th e  fo rm atio n  o f a  m ag n etite  
f i lm  on a s t e e l  s u rfa c e  be in g  re p re se n te d  by:
(1) Ee = Fe2+ + 2f 
fo llow ed  to  a sm all e x te n t by:
(2 ) Fe2+ = Fe5+ + 6
th e se  anodic  r e a c t io n s  be in g  balanced  by th e  c a th o d ic  r e a c t io n :
(3 ) H+ + C:: = H
fo llow ed  by
(4a) H + H = H2
o r
(4b) H + H+ + £ =  H
Under a lk a l in e  c o n d itio n s  th e  m ix tu re  o f  fe r ro u s  and f e r r i c  io n s  
would im m ediately  g iv e  m ag n e tite  which i s  th e  l e a s t  s o lu b le  p ro d u c t.
I t  i s  known, f o r  exam ple, th a t  m ixing g e la t in o u s  p r e c ip i t a t e s  o f 
fe r ro u s  and f e r r i c  hydrox ides g iv e s  a b la c k  m agnetic p ro d u c t [ 19] •
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As re a c t io n  ( 2 ) r e q u ire s  a m e ta l l ic  s u r fa c e , i t  i s  to  be expected  th a t  
th e  m ag n etite  w i l l  form a p ro te c t iv e  f ilm  on th e  m e ta l, u n le ss  oxygen i s  
p re s e n t when th e  co n v ersio n  to  m ag n etite  may tak e  p la c e  a t  a d is ta n c e  as 
in  Gould1s ex p erim en ts. Thus, Evans’ in te r p r e ta t io n  o f Linnenbom!s 
r e s u l t s  i s  th a t  r e a c t io n  ( 2 ) above i s  n o t im p o rtan t a t  room te m p e ra tu re s , 
b u t i s  s u f f i c i e n t l y  ra p id  a t  h ig h e r  tem p era tu res  to  g iv e  m ag n etite  as th e  
main p ro d u c t0
Douglas and Zyzes [ 20] m easured th e  c o rro s io n  r a te s  under an aero b ic  
c o n d itio n s  of v a rio u s  ty p es  o f s t e e l  which had re c e iv e d  d i f f e r e n t  su rfa c e  
tre a tm e n ts ,  i n  w a te r , s a tu r a te d  vapour and c e r ta in  d i lu te  aqueous s o lu t io n s  
e .g .  d i l u t e  c a u s t ic  so d a . These experim ents were c a r ie d  ou t a t  
tem p e ra tu res  o f  240°, 316° and 360°C. A method o f  fo llo w in g  c o rro s io n  
by d e sc a lin g  and w eighing sam ples had p re v io u s ly  been found to  be u n r e l ia b le  
[ 2 l ]  and so th e  r e a c t io n s  were fo llow ed  by m easuring th e  hydrogen evo lved . 
The p o s s i b i l i t y  o f th e  i r o n  ab so rb in g  some o f th e  hydrogen was n o t ig n o re d , 
b u t as th e  amount in v o lv ed  was le s s  th an  1 p e r c en t o f th e  t o t a l  hydrogen 
ev o lv ed , t h i s  was n e g le c te d  e x p e r im e n ta lly .
The r a t e s  observed  were o f th e  same o rd e r as th o se  observed  f o r  
th e  o x id a tio n  o f  i ro n  by oxygen a t  th e  same tem p era tu re  [2 2 , 23] > w ith  
l i t t l e  d if f e r e n c e  between r e s u l t s  in  vapour and l iq u id  p h ase s . Low 
c o n c e n tra tio n s  o f  c a u s t ic  soda (up to  10 M) d id  n o t a f f e c t  th e  c o rro s io n  
r a t e .
At 240°, th e  p ro cess  was found to  fo llo w  a l i n e a r  law , in d ic a t in g
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t h a t  an in te r f a c e  r e a c t io n  was r a t e  c o n t r o l l in g .  Werner [ 24] ,  however, 
had d e riv e d  an a c t iv a t io n  energy o f 21 k .c a ls . /m o le  from th e  d a ta  o f 
W ickert and P i l z  [ 25] ,  who had s tu d ie d  th e  r e a c t io n  between w ater vapour 
and i r o n ,  u s in g  a s im i la r  method to  T h ie l and Luckmann [ l ] .  This v a lu e  
i s  somewhat low er th an  th e  a c t iv a t io n  energy  f o r  th e  a e r i a l  o x id a tio n  
o f  i r o n  [22 ,26  ] ,  where i ro n  io n  d i f f u s io n  i s  r a t e  c o n tr o l l in g  bu t i s  o f 
th e  r i g h t  o rd e r  f o r  a d i f f u s io n  c o n tro l le d  p ro cess  [27]#
To show th e  e x is te n c e  o f  t h i s  d i f f u s io n  p ro cess  in  c o rro s io n ,
f u r th e r  experim ents were c a r r ie d  ou t by Douglas and Zyzes u s in g  th e
m arker tech n iq u e  o r ig in a te d  by K irk e n d a ll [28] and l a t e r  improved by
Himmel, Mehl and B irc h e n a ll  [ 29] to  a llow  measurements o f d iffu s io n #
63Iro n  d isk s  were co a ted  w ith  a  la y e r  o f Ni 0 , a weak b e ta  e m it te r  and th e  
d ec rea se  in  a c t i v i t y  caused  by fo rm atio n  o f  a  m ag n etite  f ilm  on top  o f  
t h i s  d u rin g  c o rro s io n  was m easured. The r e s u l t s  o f th e se  m easurements 
were tak en  to  show th a t  a  d i f f u s io n  o f i ro n  io n s  th rough  th e  oxide la y e r  
was ta k in g  p la c e , th e  f i lm  grow th r e a c t io n  ta k in g  p la c e  a t  th e  o x id e /w a te r  
i n t e r f a c e ,
F u r th e r  ev idence fo r  t h i s  was th e  o b se rv a tio n  th a t  d i f f u s io n  in  
m ag n etite  i s  p redom inan tly  c a t io n ic  [ 30] .
Douglas and Zyzes th e re fo re ,  proposed th a t  th e  mechanism o f  th e  
c o rro s io n  p ro cess  was th e  d i f f u s io n  o f  i r o n  io n s  th rough  th e  oxide la y e r  
v ia  l a t t i c e  v a c a n c ie s . At th e  o x id e /w a te r  in te r f a c e  fe r ro u s  hydrox ide 
i s  formed which th en  decomposes, most p robab ly  v.ia  S ch ik o rr* s  re a c tio n *
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In  t h i s ,  as in  a l l  p rev io u s  work, th e  f ilm  was assumed to  c o n s is t  
o f  only  one la y e r ,  bu t re c e n t o b se rv a tio n s  in  r e a c to r  system s [31] and 
work by P o t te r  and Mann [ 32] has shown th a t  in  f a c t  th e  film s  c o n s is t  
o f two la y e r s .  There i s  an in n e r  ad h eren t la y e r  and an o u te r  non- 
ad h eren t la y e r  which i s  o f te n  c r y s t a l l i n e .  E v id en tly , th e  mechanism 
proposed  by Douglas and Zyzes must be m od ified .
P o t t e r  and Mann s tu d ie d  th e  a c t io n  o f f a i r l y  s tro n g  c a u s t ic  soda
s o lu t io n s  on m ild  s t e e l  a t  tem p era tu res  between 250° and 355°C, th e  r a t e
o f  c o rro s io n  be in g  measured by th e  amount o f m ag n e tite  form ed. I t  was 
shown th a t  th e  r a t e  o f  c o rro s io n  was in c re a se d  by in c re a s in g  th e  a l k a l i  
c o n c e n tra tio n  b u t decreased  w ith  tim e acco rd in g  to  a  p a ra b o lic  r e la t io n s h ip .  
U sing th e  p e a r l i t e  s t r u c tu r e  o f th e  s t e e l  as an in te r n a l  m arker, i t  was 
shown th a t  th e  in n e r  la y e r  grows a t  i t s  in te r f a c e  w ith  th e  s t e e l .  T his 
c o n c lu s io n  was re in fo rc e d  by r e te n t io n  o f  su rfa c e  d e t a i l  and th e  shape 
o f  th e  o x id ized  s t e e l  a t  th e  c o rn e rs  o f specim ens, which became rounded.
This cou ld  be e x p la in ed  by a r a t e  o f  a t ta c k  which i s  p ro p o r t io n a l  to  th e
a re a  o f  oxide f i lm  exposed to  th e  environm ent r a th e r  th an  to  th e  a re a  o f
s t e e l  d e s tin e d  f o r  im m ediate o x id a tio n ; th a t  i s  to  say , a t ta c k  co n tin u es  
by passage  o f oxygen in  some form th rough  th e  f i lm  to  th e  in t e r n a l  boundary 
end i t  i s  th e re  where th e  f r e s h  m ag n etite  i s  form ed. The a c tu a l  mechanism o f 
th e  c o rro s io n  p ro cess  was b e lie v e d  to  be as fo llo w s : I ro n  atoms were
io n iz e d  a t  th e  s te e l /o x id e  in te r f a c e  and some o f th e se  io n s  r e a c te d  w ith
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a c o u n te r  c u r re n t o f  oxygen c a r ry in g  io n s , say  oxide io n s , to  ex tend  th e  
in n e r  la y e r  o f m a g n e tite . The excess o f i ro n  c a tio n s  d if fu se d  outw ards 
and on re a ch in g  th e  o x id e /w a te r in te r f a c e  formed s o l id  fe r ro u s  hyd ro x id e , 
which though r e l a t i v e l y  u n s ta b le  a t  th e  ex p erim en ta l te m p e ra tu re s , cou ld  
have a c te d  as an in te rm e d ia te  in  th e  fo rm atio n  o f m ag n e tite  v ia  th e  
S c h ik o rr  r e a c t io n .  This r e a c t io n  was co n sid e red  to  be re s p o n s ib le  f o r  
th e  fo rm atio n  o f th e  non -ad h eren t o u te r  la y e r  o f m a g n e tite .
The volume r a t i o  o f m agnetite  to  i t s  p a re n t m eta l ( th e  P i l l i n g  
and Bedworth r a t i o  [33] ) ,  i s  no rm ally  2 .1 , so i f  a l l  th e  i ro n  co rroded  
formed an ad h eren t f i lm , t h i s  would be under c o n s id e ra b le  s t r a i n  and 
would e v e n tu a lly  c ra c k , le a d in g  to  in c re a se d  c o rro s io n . However, on ly  
about h a l f  th e  i r o n  formed th e  ad h eren t f ilm  in  th e se  experim ents and 
th e re fo re  th e re  was no s u b s ta n t ia l  volume change on form ing th e  in n e r  
la y e r .  The f i lm , th e r e f o r e ,  rem ained a p p re c ia b ly  f r e e  from s t r a i n  as 
i t s  appearance under th e  m icroscope showed# Thus, th e re  was no need 
to  suppose th a t  th e  oxide f i lm  was p l a s t i c ,  o r c o n tin u a l ly  f e l l  back 
to  f i l l  v o id s , as p rev io u s  w orkers had supposed [34]#
In  d i s t i l l e d  w a te r , c o rro s io n  was much s lo w er, so q u a n t i ta t iv e  
measurem ents cou ld  n o t be made, bu t th e  f ilm s  were o f th e  same n a tu re  
and i t  seems th a t  th e  same mechanism o f f i lm  fo rm atio n  was a p p l ic a b le ,
I t  would appear th a t  in  th e  experim ents o f Douglas and Zyzes, 
th e  m arkers were b u rie d  under th e  o u te r  la y e r  o f m ag n etite  o n ly , #
The work d e sc rib e d  in  t h i s  s e c t io n  has shown th a t  fe r ro u s  
hydroxide i s  p robab ly  an im p o rtan t in te rm e d ia te  in  th e  c o rro s io n  process*  
I t s  fo rm atio n  and subsequent decom position  can e x p la in  th e  fo rm atio n  o f 
non -ad h eren t m ag n etite  f ilm s  and th e  t r a n s p o r t  o f r a d io -a c t iv e  ’’crud" 
in  r e a c to r  systems# In fo rm a tio n  on th e  r a t e  o f decom position  o f fe r ro u s  
hydrox ide in  su p erh ea ted  w ater has been o b ta in ed  by Shipko and Douglas [ l5 ]  
and K esten and L asher [3 5 ] .  T heir r e s u l t s  w i l l  be d iscu ssed  a t  g r e a te r  
le n g th  in  th e  fo llo w in g  s e c t io n . With th e  in c re a s in g  use o f a l lo y  s t e e l s  
and n ic k e l  a l lo y s ,  s im i la r  in fo rm a tio n  on th e  c o b a lt  and n ic k e l  hydroxide 
system s would be d e s i r a b le .
To o b ta in  k in e t ic  d a ta  fo r  th e  decom position r e a c t io n s  o f th e se  
compounds in  su p erh ea ted  w ater i s  a problem  of en g in ee rin g  r a th e r  th an  
ch em is try . This i s  amply dem onstrated  by th e  work o f K esten and L asher 
m entioned above* F urtherm ore , i f  th e se  re a c t io n s  a re  s o l i d - s t a t e  
t ra n s fo rm a tio n s , which seems l i k e ly ,  th en  such a p ro ced u re  i s  p robab ly  
u n n ecessa ry . The n a tu re  o f th e  r a t e  d e te rm in in g  s te p  w i l l  a lm ost 
c e r ta in ly  be some p ro c e ss  o c cu rrin g  in s id e  th e  c r y s ta l  and th e  energy 
a s s o c ia te d  w ith  t h i s  change w i l l  n o t depend on th e  environm ent. Thus* 
we shou ld  o b ta in  th e  same a c t iv a t io n  energy  f o r  th e  decom position  o f  th e  
d ry  s o l id  as f o r  i t s  decom position  in  su p erh ea ted  w a te r , p rov ided  th a t  th e  
r e a c t io n s  a re  th e  same. The observed  r a te s  o f r e a c t io n  may w e ll d i f f e r  
and s e m i-q u a n t i ta t iv e  in fo rm a tio n  on th e  decom position  r a t e  in  su p erh ea ted  
w ater may be o b ta in ed  by h e a tin g  sam ples in  an a u to c lav e  fo r  v a ry in g
p e r io d s . Such, experim ents would a lso  p rov ide  in fo rm a tio n  on th e  n a tu re  
o f th e  r e a c t io n  under th e se  c o n d itio n s , th u s  e n ab lin g  th e  v a l i d i t y  o f 
s tu d ie s  on th e  dry  s o l id  to  be a sse sse d .
A ccord ing ly , t h i s  th e s i s  d e sc r ib e s  work which has been c a r r ie d  out 
on th e  decom position  o f dry f e r ro u s ,  co b a lto u s  and n ic k e l ic  h y d ro x id es , 
to g e th e r  w ith  some a u to c lav e  experim ents as o u tlin e d  above. A number 
o f problems a s s o c ia te d  w ith  th e  decom positions o f th e se  su b stan ces  have 
a lso  been in v e s t ig a te d .  These in c lu d e  th e  e f f e c t s  o f c r y s ta l  s t r u c tu r e s  
and methods o f o b ta in in g  k in e t ic  d a ta  from n o n -iso th e rm a l decom position  
s tu d ie s .
1«2» The b in a ry  hydrox ides o f i ro n ,  c o b a lt  and n i c k e l .
1 ,2 .1 .  F errous h y d ro x id e .
B audisch [ 36] s t a t e s  th a t  fe r ro u s  hydroxide i s  a pure w hite  compound. 
However, i t  has been found bo th  in  th e  p re se n t work and by o th e r  w orkers 
th a t  th e  co lo u r i s  u s u a lly  s l i g h t l y  g reen  o r b lu e , depending on th e  method 
o f p re p a ra t io n .
I t  was n o t u n t i l  X -ray  s tu d ie s  were made by N a tta  and C&sazza [ 37] 
and H ilttig  and Mbldner [ 38] th a t  i t  was e s ta b l is h e d  as a d e f in i t e  compound 
and n o t an h y d ra ted  form o f f e r ro u s  o x id e . More re c e n t  X -ray s tu d ie s  have 
been made by C la rk , Hedley and Robinson .[39]* K e lle r  [ 40] and Mackay and 
co-w orkers [ 41] .  The s t r u c tu r e  i s  o f th e  cadmium io d id e  ty p e , th e  
hydroxyl io n s  form ing an approx im ate ly  h ex agonally  c lo se  packed system .
“ 20 - *
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The c e l l  sp ac in g s  a re  a = 3.258A and c = 4.6Q5A • A lthough th e  compound 
i s  ex trem ely  r e a d i ly  o x id is e d , powder photographs show th a t  th e  s t r u c tu r e  
i s  m ain ta ined  even up to  about 20fo o x id a tio n .
A number o f w orkers have s tu d ie d  th e  s o l u b i l i t y  o f  fe r ro u s  
hydroxide [ i3 ?  42 -  5 2 ] , v a lu es  f o r  th e  s o l u b i l i t y  p ro d u c t ran g in g  between
-11 - 2 1  r -]8 * 7 x 1 0  and 4*5 x 10 , The work o f Arden [51] showed th a t  th e
sm a lle r  v a lu es  were due to  p a r t i a l  o x id a tio n  g iv in g  l e s s  so lu b le  su b stan ces
w h ils t  L eussing  and k o l th o f f  [4 2 j s t a t e  th a t  th e  v a lu e  o f 2 ,4  x 10 ^
g iven  by Arden i s  too  h ig h , due p robab ly  to  s u p e r s a tu ra t io n .  T he ir 
—16v a lu e  i s  8 x 10 and i s  p robab ly  th e  b e s t  a v a i la b le .  From t h e i r  
r e s u l t s  th ey  c a lc u la te d  th e  pH o f a s a tu r a te d  fe r ro u s  hydroxide s o lu t io n  
to  be 9 .3 2 , in  agreem ent w ith  th e  v a lu e  o f 9*4 o b ta in ed  e x p e rim en ta lly  
by S h ip ley  and McHaffie [13]* A lso , t h e i r  r e s u l t s  in d ic a te  th a t  th e  
i r o n  c o n ten t o f such a s o lu t io n  would be about 0 .3  p .p .m ,, which i s  c lo se  
to  th a t  found by Linnenbom [l2 ]«
Measurements made by R andall and Frandsen [50] were in c id e n ta l  to  
a d e te rm in a tio n  o f th e  f r e e  energy o f fo rm atio n  o f fe r ro u s  hydroxide from 
i t s  e lem en ts . They used c e l l s  o f th e  ty p e : -
Fe(s),Fe(CSH)2( s ) j  Ba(0H)2 , 0„5M jH g0(s),H g(l).
and d e riv e d  th e  re q u ire d  thermodynamic q u a n t i t ie s  from E.M.F. m easurem ents. 
The on ly  o th e r  thermodynamic d a ta  a v a i la b le  r e f e r s  to  th e  en th a lp y  o f 
fo rm a tio n . This has been measured by Thomsen [53] and F rick e  and R ih l [54]*
The l a t t e r ,  who observed  th a t  pure f e r ro u s  hydroxide was p y ro p h o ric , 
measured th e  h e a t o f com bustion to  o s -fe rric  o x id e . C a lc u la tio n s  w ith  
N e rn s tfs approxim ate form ula shored  th a t  fe r ro u s  hydroxide i s  u n s ta b le  
a t  room te m p e ra tu re , even in  th e  absence o f oxygen, The on ly  rea so n  fo r  
i t s  ap p aren t s t a b i l i t y  i s  th e  h igh  energy  le v e l  o f i t s  p rim ary  o x id a tio n  
p ro d u c ts . They a lso  s ta t e d  th a t  p re p a ra tio n s  o f fe r ro u s  h yd rox ide , even 
in  th e  absence o f oxygen, always c o n ta in  a  sm all amount o f  i ro n  ( i l l )  which 
i s  le s s  th an  0.5$* This m ight w e ll e x p la in  th e  co lo u r o f a p p a re n tly  pure  
fe r ro u s  hyd ro x id e . I t  a lso  appeared  th a t  th e  o x id a tio n  o f fe r ro u s  
hydrox ide in  w a ter was promoted by fe r ro u s  io n s .
H ilttig  and Mdldner [38] s tu d ie d  th e  therm al decom position  o f  fe r ro u s  
hyd ro x id e , Thejr found th a t  th e  r e a c t io n ;
3Fe(0H)2 = Fe 0 + 2H20 + H2
ta k e s  p la ce  to  a sm all e x te n t .  The decom position  was found to  tak e  p la c e  
in  two s ta g e s  a t  220 -  234°C and 261 -  277°C, th e  r e a c t io n  being  
i r r e v e r s i b l e .  W ater which rem ained was evolved c o n tin u o u s ly  on r a i s in g  
th e  te m p e ra tu re ,
The o b serv a tio n s  o f S ch ik o rr on th e  decom position  o f fe r ro u s  hydrox ide 
have a lre a d y  been m entioned. The work o f Wanklyn su g g ested  th a t  t h i s  was
due to  im p u r it ie s  and t h i s  has been borne out by th e  p re s e n t work and th e
o b se rv a tio n s  o f o th e rs  who have s tu d ie d  th e  su b stan ce  [ 15 , 35 , 41 , 42] .
Mackay [41] s t a t e s  th a t  on h e a tin g  in  n i tro g e n , i t  decomposes to
fe r ro u s  oxide a t  about 200°C.
The hydro therm al decom position o f fe r ro u s  hydrox ide has been s tu d ie d  
by Shipko and Douglas [15] and K esten and L asher [3 5 ] . H ydrotherm al 
re a c t io n s  a re  th o se  o c cu rrin g  in  w a ter above 100°C and under p re s su re s  
g r e a te r  th an  1 atm osphere,
Shipko and Douglas found th a t  pure  fe r ro u s  hydroxide was s ta b le  in  
w ater f o r  p e rio d s  o f up to  6 m onths. S tu d ie s  o f S c h ik o r r ’s r e a c t io n  were 
made on sam ples p r e c ip i ta te d  in  th e  p resen ce  o f c o n c e n tra tio n s  o f an 
a p p ro p r ia te  c a ta ly s t  (n ic k e l  c h lo r id e ) .  R ates o f r e a c t io n  were m easured 
over a range o f te m p e ra tu re s . I t  was found th a t  th e  y ie ld  o f hydrogen was 
low, between 10fo and 20^ o f th e  th e o r e t i c a l  amount and v a r ie d  w ith  th e  
c o n c e n tra tio n  o f n ic k e l  in  a more o r le s s  r e g u la r  way. The r e a c t io n  was 
found to  be in h ib i te d  by a l k a l i  and by adding th e  n ic k e l  c h lo r id e  a f t e r  th e  
p r e c ip i t a t io n  o f th e  fe r ro u s  hyd ro x id e . The a c t iv a t io n  energy fo r  th e
4 .
r e a c t io n  was found to  be 10 ,2  -1  k .c a l s .  p e r  m ole.
The th erm al decom position  o f s l u r r i e s  o f  fe r ro u s  hydroxide was 
s tu d ie d  over a range o f tem p era tu res  from 105° to  316°C. The r e a c t io n  was 
fo llow ed  by m easuring th e  e v o lu tio n  o f hydrogen by a somewhat la b o rio u s  
te ch n iq u e . Samples were h ea ted  in  an au to c lav e  under a known i n i t i a l  
p re s su re  o f helium  f o r  a s u i ta b le  tim e , th e  a u to c lav e  was quenched and th e  
gas expanded in to  a known volume. I t s  p re s su re  was m easured and sam ples 
tak en  f o r  mass s p e c tro m e tr ic  a n a ly s is .  A part from th e  inconven ience  o f —
t h i s  p ro ced u re , a f u r th e r  d isad v an tag e  o f some im portance was th e  slow 
h e a tin g  r a t e  o f th e  au to c lav e  which took  up to  l ^  hours to  reach  th e  
re q u ire d  tem p e ra tu re , by which tim e th e  r e a c t io n ,  a t  h ig h  te m p e ra tu re s , 
had proceeded alm ost to  com pletion* I t  was found th a t  a t  105°, th e  r a t e  
o f hydrogen e v o lu tio n  was too  slow to  be d e te c te d  w h ils t  above 220°, th e  
r e a c t io n  was too  f a s t  to  be m easured by t h i s  te ch n iq u e , A sharp  change 
o f decom position  r a t e  was observed a t  178° and 208°, bu t no e x p la n a tio n  
was o f fe re d  fo r  t h i s .  The a c t iv a t io n  energy fo r  th e  r e a c t io n  was
4-
c a lc u la te d  to  be 30 -  3 k„ c a l s ,  p e r  m ole,
2+  —The in h ib i t i n g  e f f e c t s  o f excess Fe , OH and s i l i c a  were i n v e s t i ­
g a ted  and found to  be v e ry  m arked, The e f f e c t  o f s i l i c a  was e x p la in ed
p i
by txie fo rm atio n  o f a l e s s  so lu b le  s i l i c a t e ,  and th e  e f f e c t  o f  Fe and 
OH by th e  r e s u l t in g  d e p re ss io n  o f th e  s o l u b i l i t y  o f fe r ro u s  h y d ro x id e .
This supposes th a t  th e  r e a c t io n  i s  a s o lu t io n , r a th e r  th an  s o lid -p h a se  
tra n s fo rm a tio n  and a lso  t h a t  th e  r a t e  o f s o lu t io n  i s  th e  r a t e  d e te rm in in g  
s te p  in  th e  decom position .
The r e a c t io n  p ro d u c t was analyzed  by X -ray powder pho tography . For 
runs below 178°, th e  p a t te r n s  could  be ex p la in ed  in  term s o f m ag n etite  o n ly , 
b u t f o r  runs above 178°, th ey  could  on ly  be in te r p r e te d  in  term s o f m ag n etite  
and sm all amounts o f a - i r o n .  Photom icrographs o f p o lish e d  s e c t io n s  o f  th e  
m agnetite  c r y s ta l s  showed th e  p resence  o f f e r r i t e  g ra in s .
The th erm al decom position  o f d ry  fe r ro u s  hydrox ide was a lso  s tu d ie d  ’ 
b r i e f ly ,  no q u a n t i ta t iv e  measurements be ing  made. There was no m easurable
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decom position  below 100°, bu t hydrogen and w ater were produced between 
150° and 200°C, The s o l id  p roduct was always m a g n e tite , X -ray a n a ly s is  
f a i l i n g  to  show th e  p resence  o f rny  i r o n .  In  p r a c t ic e ,  however, t h i s  
on ly  means th a t  th e re  cou ld  n o t have been more th an  about 5i°  o f i r o n  
p re s e n t .
U sing a v a i la b le  thermodynamic d a ta  [l4 ]>  s ta n d a rd  f r e e  energy
changes were c a lc u la te d  fo r  th e  v a r io u s  decom position  r e a c t io n s ;
298
1 . 3Fe(0H)2 (s )  = Fe 0 (s)' + HgU) + 2H20 ( l ) ,  -9 ,9 0 0  c a l s .
2 . 2Fe(0H)2( s )  = Fe20 , ( s )  + H2(g) + HgOCl), -  3 ,000 o a ls .
3. Fe(0H)2 (s )  + Fe20 (a )  = Fe 04 (s )  + HgOU), -  6 ,900 o a l s .
4 . 4Fe(0H)2( s )  = Fe 04 ( s )  + F e (s )  +4H20 ( l ) ,  -  7 ,700 o a ls .
The i ro n  found was tak en  to  show th a t  r e a c t io n  4* must be p ro ceed in g . 
This r e a c t io n  was f i r s t  suggested  by P ourbaix  [55] on th e  b a s is  o f work by 
T h iesse  [ 56] .  As Evans [57] has p o in te d  o u t, i f  th e  p rim ary  decom position  
o f f e r ro u s  hydrox ide i s  to  fe r ro u s  o x id e , which would be most l i k e l y  i f  i t
were a s o l ia -p h a s e  tra n s fo rm a tio n , th en  we should  expec t to  f in d  i r o n  in
any c a s e . At tem p e ra tu res  below 570°C, fe r ro u s  oxide i s  m e ta s ta b le  and 
decomposes acco rd in g  to  th e  e q u a tio n ;-
4 FeO = Pe„0. + Pe 3 4
This r e a c t io n  has been s tu d ie d  by Chaudron e t  a l .  [5 8 ,5 9 .6 0 ] , who 
re p o r te d  th a t  th e  change ta k e s  p la ce  in  th e  range 250°- 400°C, f a l l i n g  o f f  
a t  h ig h e r  te m p e ra tu re s . At th e  tem p era tu res  used  by Shipko and D ouglas,
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we shou ld  only  expect t h i s  r e a c t io n  to  occur to  a sm all e x te n t .
K esten and L asher passed  su p erh ea ted  w ater over fe r ro u s  hydroxide 
p r e c ip i t a t e s  r e ta in e d  on 5^  pore m ic ro m e ta llic  f i l t e r s .  Runs were 
c a r r ie d  oufc f o r  v a ry in g  tim es and th e  p roduct analyzed  by methods designed  
to  enab le  th e  amounts o f fe r ro u s  hyd ro x id e , m ag n etite  and iro n  to  be 
d e term ined . The r e a c t io n  p ro d u c ts  were m ag n etite  and a sm all p e rcen tag e  
o f i r o n .  The r e a c t io n  was o f f i r s t  o rd e r w ith  re s p e c t  to  fe r ro u s  hydroxide
-j.
and th e  a c t iv a t io n  energy was 21- 2 k.calsw p e r =mole-. The r a te  c o n s ta n t was 
g iven  by;
k = 6 ,0  x 107 exp ( ~21 ' 00° / rt) min ~1
Above 400°P, about 80$ decom position  o ccu rred  w ith in  two h o u rs ,
showing th a t  f e r ro u s  hydroxide may indeed  be s ta b le  enough to  a c t  as an 
in te rm e d ia te  in  th e  fo rm atio n  o f m agnetite  by th e  S c h ik o rr  r e a c t io n .  I t s
r e l a t i v e l y  slow r e a c t io n  r a t e  may w e ll e x p la in  th e  t r a n s p o r t  o f r a d io - a c t iv e
"crud" round w a ter loops in  n u c le a r  r e a c to r s  which has been observed  by 
numerous w orkers e .g .  [ 6 l ] ,  K esten  and L asher s ta t e d  th a t  most o f th e  
p ro d u c tio n  o f m ag n etite  in  b o i le r  system s p robab ly  ta k e s  p la c e  by homogen­
eous r e a c t io n  in  s o lu t io n ,  bu t though t th a t  th e  r a t e  o f co n v ersio n  in  
s o lu t io n  would be a t  l e a s t  as g re a t  as th e  decom position  r a t e s  th ey  
o b ta in ed  f o r  th e  s o l id .
1 .2 ,2 ,  C obaltous hydroxide
T his su b stan ce  i s  s im i la r  in  many ways to  th e  f e r ro u s  compound.
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I t  occurs in  bo th  b lu e  and p ink  form s, th e  b lu e  be in g  much le s s  s t a b l e .
Both form s, however, have th e  same X -ray p a t te r n ,  so th e  d if fe re n c e  in  
co lo u r must be a p a r t i c l e  s iz e  e f f e c t  [ 62]„
The s t r u c tu r e  i s  o f th e  cadmium io d id e  ty p e , the  l a t t i c e  c o n s ta n ts  
hav ing  been determ ined  by N a tta  and P a s s e r in i  [ 63] and Lotmar and 
F e itk n e c h t [ 64]»
The s o l u b i l i t y  p roduct has been determ ined  by B r i t to n  [ 47] and 
Nasanen [ 65] who g ive  v a lu es  of 1„6 x 10 and 1 ,3  x 10 ^  r e s p e c t iv e ly .  
There i s  v e ry  l i t t l e  thermodynamic d a ta  a v a i la b le  fo r  co b a lto u s  
h y d ro x id e0 The v a lu e  o f th e  h e a t o f fo rm atio n  has been g iven  by Thomsen
[ 53] .
Like fe r ro u s  hyd ro x id e , co b a lto u s  hydroxide i s  o x id ized  when w et, 
though n o t q u ite  so r e a d i ly ,  bu t when dry  i t  appears to  be rea so n a b ly  s ta b le  
in  a i r .
The d eh y d ra tio n  has been s tu d ie d  by H iittig  and K a ss le r  [66] who 
found th a t  i t  was s tra ig h tfo rw a rd  and fo llow ed  th e  e q u a t io n :
Co(OH) = CoO + 2 0 
The decom position  tem p era tu re  was 168°C a t  a p re s su re  o f 10 mm.
At 300°C, 0 ,1  mole o f w a ter was r e ta in e d  by each mole o f c o b a lt  o x id e ,
1 .2 .3*  N ic k e lic  h y d ro x id e .
This i s  a p a le  g reen  s ta b le  compound, isomorphous w ith  co b a lto u s
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and fe r ro u s  h y d ro x id es , i t s  s t r u c tu r e  being  o f th e  cadmium io d id e  ty p e .
The l a t t i c e  c o n s ta n ts  have been determ ined  by a number o f w orkers 
[6 7 ,6 8 ,6 9 ] .  A lthough th e re  i s  agreem ent on l in e  sp ac in g s , th e re  a re  
c o n s id e ra b le  d is c re p a n c ie s  in  th e  i n t e n s i t i e s  re p o r te d  by th e se  w orkers 
fo r  co rresp o n d in g  r e f le x io n s „
A number o f d e te rm in a tio n s  o f  th e  s o l u b i l i t y  p ro d u c t have been
made [4 7 ,5 2 ,6 5 ,7 0 ,7 1 ]•  The v a lu es  g iven  range between 6 ,2  x 10 ^  [ 65]
18 “ 18 and 6 .5  x 10 [ 7 l ] c  B r i t to n ’s o r ig in a l  va lue  o f 1 ,6  x 10 has been
re c a lc u la te d  by Jen a  and P rasad  [70] and found to  be somewhat h ig h e r .
As w e ll as m easuring th e  s o lu b i l i t y  p ro d u c t, M sfinen [ 65] a lso  found th e
f r e e  energy  o f  fo rm a tio n . V alues fo r  th e  en th a lp y  o f fo rm atio n  have
been g iven  by Thomsen [53] and G iordan i and M attia s  [ 72 ] ,
On h e a tin g , n ic k e l ic  hydroxide decomposes to  th e  oxide acco rd in g
to  th e  eq u a tio n :
N i(0H )2 = N i 0 + H20 
H ttttig  and P e te r  [73] found th a t  under a p re s su re  o f 10 mm. th e  decom posit 
io n  tem p era tu re  was 230^0. M erlin  and T eichner [74] found i t  to  be 
r a th e r  low er; th e  oxide began to  form between 190° and 210°. At 300°C,
th e  com position  o f  th e  s o l id  was NiO. 0 .22  H20 . In  a k in e t ic  s tu d y , 
T e ich n er, M a rc e ll in i  and Ru& [75] found th a t  th e  decom position  proceeded 
acco rd in g  to  2 /3  o rd e r  k in e t i c s .
1„5» The k in e t ic s  o f s o l id  s t a t e  r e a c t io n s .
In  t h i s  s e c t io n  we s h a l l  c o n s id e r re a c t io n s  o f th e  types
A (s) = B (s) + C(g) . .
These have been th e  most w idely  s tu d ie d  in  th e  p a s t  and 
th e  re a c t io n s  in v e s t ig a te d  in  th e  p re s e n t work a lso  belong  to  t h i s  
c la s s ,
The f i r s t  s ta g e  in  a therm al decom position  s tu d y  i s  u s u a lly  
to  o b ta in  a curve showing th e  f r a c t io n  decomposed, a ,  as a fu n c tio n  
o f tim e . Such d a ta  a re  o b ta in ed  by fo llo w in g  th e  change o f some 
p h y s ic a l p ro p e r ty  o f th e  system  such as w eigh t, m agnetic o r e l e c t r i c a l  
p r o p e r t ie s ,  s p e c t r a l  a b so rp tio n , p re s su re  changes in  a c lo se d  v e s s e l  
and so on. The curves o b ta in ed  a re  g e n e ra l ly  sigm oid , in d ic a t in g  
an a u to c a ta ly t ic  r e a c t io n .  The d e ta i le d  shape o f th e se  cu rves and 
th e  r e l a t i v e  m agnitudes o f  th e  a c c e le ra to ry  and decay p e rio d s  depends 
on th e  su b stan ce  be ing  s tu d ie d , th e  p rev io u s  tre a tm e n t which i t  has 
re c e iv e d  and in  some cases  e*;g0 s i l v e r  o x a la te  [7 6 ] , th e  method o f 
p re p a ra t io n . For some su b s ta n c e s , th e  a c c e le ra to ry  p e rio d  i s  reduced  
and th e  decay p e rio d  more pronounced e*g. le ad  s ty p h n a te  [77] and 
m ercuric  o x a la te  [7 8 ] , w h ils t  in  o th e r  cases  e .g .  le a d  a z id e  [79]* 
th e  in d u o tio n  p e rio d  i s  v i r t u a l l y  a b se n t. In  a l l  c a s e s , c ru sh in g  o r 
g r in d in g  whole c r y s t a l s ,  o r w ith  h y d ra te s , ju s t  s c ra tc h in g  th e  su rfa c e  
reduces th e  m agnitude o f th e  in d u c tio n  p e r io d , A s im ila r  e f f e c t  i s
produced in  su b stan ces  which undergo photochem ical decom position  
by i r r a d i a t i n g  w ith  u l t r a - v i o l e t  l i g h t  [8 0 ,8 l]»
The o nset o f r e a c t io n s  o f type  ( i )  above in v o lv es  th e  fo rm atio n  
o f m olecu les o f B a t  s p e c ia l  p o in ts  in  th e  l a t t i c e  o f A, On account 
o f d if f e r e n c e s  in  s p e c i f ic  volume and l a t t i c e  ty p e , t h i s  w i l l  produce 
a defo rm ation  o r s t r a i n ,  th e  e x tra  energy a s s o c ia te d  w ith  t h i s  be in g  
known as th e  s t r a i n  energy , These s p e c ia l  p o in ts  occur where lo c a l  
energy f lu c tu a t io n s  in  th e  c r y s ta l  a re  p a r t i c u l a r ly  fav o u ra b le  and 
a re  u s u a lly  a s s o c ia te d  w ith  some form of l a t t i c e  im p e rfe c tio n .
These, and in  th e  case  o f some su b s ta n c e s , th e  c r y s ta l  edges them selves 
a re  e s p e c ia l ly  fa v o u ra b le , fo r  fragm ents o f B can be formed w ith  th e  
minimum o f d i s to r t i o n  to  th e  l a t t i c e  o f A, thus red u c in g  th e  r e s u l t a n t  
s t r a i n  energy .
C onsider a fragm ent o f B c o n ta in in g  m m olecules and l e t  th e  s t r a i n  
energy p e r u n i t  a re a  o f i t s  in te r f a c e  w ith  A be denoted  by y . The 
change in  f r e e  energy accompanying th e  fo rm atio n  o f  t h i s  fragm ent is*  
th e r e f o r e ,
~  m a  +  o 'y  • ,  *
2
where cris  a shape f a c to r  (eq u a l to  4 rr r  f o r  a  s p h e r ic a l  s u rfa c e )  
and G ' i s  th e  b u lk  f r e e  energy  change p e r m olecule accompanying th e
•D
r e a c t io n  ( l ) .  I f  th e  volume o f a m olecule o f  th e  p roduct i s  v ,
“ 30 -
th en  f o r  s p h e r ic a l  fragm en ts:
3
m = 4 ... (3)
and we can , th e r e f o r e ,  re w r ite  eq u a tio n  ( 2 ) in  th e  form:
&  G  ^ = am -  bm
where a = v ( 36-fr v^ )^ /3  1 N m
• • o ( 4 )
and b = ~AG->
D
E quation  ( 4 ) shows th a t  when y i s  p o s i t iv e ,  A.G^ must pass
*
th rough  a maximum when m = m , th e  c r i t i c a l  s iz e  fo r  a fragm ent to  
be in  e q u ilib r iu m  w ith  i t s  su rro u n d in g s . The r e l a t i o n  between
o f th e  s t r a i n  produced by th e  fo rm atio n  o f th e  new p h ase , sm all 
fragm ents o f B w i l l  ten d  to  r e v e r t  back to  A, whereas la rg e  fragm ents 
o f  B a re  s t a b l e .  C onsequently , f u r th e r  r e a c t io n  ten d s  to  tak e  p la c e  
a t  th e  boundary betw een th e  two s o l id  p h ases , r a th e r  th a n  by th e  
fo rm atio n  o f a v e ry  la rg e  number o f sub-m icroscop ic  fragm ents o f B*
Thus th e  p roduct phase B ten d s  to  sp read  outw ards from th o se  p o in ts  
where th e  r e a c t io n  commenced. These p o in ts  a re  r e f e r r e d  to  as n u c le i .
The c o n d itio n  f o r  e q u ilib r iu m  i s  th a t :
AG1 and m i s  shown in  P ig . 1. I t  can be seen  th a t  as a r e s u l t
=  0
*
m = m
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Y>o
AG
Y * 0
Fig.j .—The r e l a t i o n  b e t w e e n  AG, an d  m.
" ■ \ n
and ap p ly in g  th i s  to  eq u a tio n  (4 ) we g e t
* / 2 a \  3 ! &  \ 3 , frr 2
\ 3b f \ 3&U-, ' ni■ b
Hence, th e  c r i t i c a l  v a lu e  o f th e  f r e e  energy change accompanying
n u c le a tio n  i s j
* aa  y (36tt v2) *
A G  « = 1 m m • • •
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For Growth N uclei (m>m‘<") , 6 .. 1 i s  n e g a tiv e  and th e  n u c le i
rVm *
grow f r e e ly e  N uclei fo r  which m ( m  (germ n u c le i ) ,  ten d  to  d is a p p e a r ,
though s t a t i s t i c a l  f lu c tu a t io n  in  lo c a l  energy may he s u f f i c i e n t ly
*
fav o u rab le  to  produce a d d itio n s  to  them u n t i l  m m *
The a u to c a ta ly t ic  n a tu re  o f s o l id  re a c t io n s  may be ex p la in ed  
by assum ing th a t  r e a c t io n  ta k es  p la ce  by th e  fo rm atio n  o f n u c le i  a t  
lo c a l iz e d  s i t e s  in  th e  r e a c ta n t ,  fo llow ed  by t h e i r  f a i r l y  ra p id  growth* 
I f  th e  f r e e  energy o f  a c t iv a t io n  o f th e  in te r f a c e  r e a c t io n  i s  l e s s  
th an  th a t  f o r  n u c le a t io n , th en  th e  growth o f e x is t in g  n u c le i  i s  
favoured  and th e  p ro d u c t phase w i l l  appear as compact n u c le i  embedded 
in  a m a trix  o f A* E xperim ental ev idence fo r  th i s  has been p rov ided  
by work on a z id e s  [82] and h y d ra te s  [ 83 , 84 ]*
I f ,  however, th e  a c t iv a t io n  energy  f o r  n u c le a tio n  i s  no t ve ry  
d i f f e r e n t  from th e  f r e e  energy o f th e  grow th s ta g e ,  th en  la rg e  numbers 
o f sm all n u c le i  a re  form ed, none o f which grow to  v i s ib l e  s ize#
Under th e se  c o n d itio n s  th e  a c c e le r a to ry  p e rio d  i s  reduced  and may be
v i r t u a l l y  removed i f  n u c le a tio n  i s  f a c i l i t a t e d  by c ru sh in g  o r g rind ing*  
I f  ra p id  n u c le a tio n  ta k es  p lace  over th e  whole su rfa c e  o f a c r y s t a l ,  
th en  th e  l^Lnetics o f th e  rem ainder o f th e  r e a c t io n  w i l l  be governed 
by th e  r a t e  o f movement o f th e  r e s u l t in g  in te r f a c e .
The th e o ry  o f nu c leu s  fo rm atio n  and growth e x p la in s  th e  shape 
o f decom position  cu rves in  a q u a l i t a t iv e  manner. For a q u a n t i ta t iv e  
d e s c r ip t io n  o f k in e t ic  p ro c e sse s  i t  i s  n e ce ssa ry  to  assume more d e ta i le d  
laws govern ing  n uc leus fo rm atio n  and grow th. A ccording to  th e  n a tu re  
o f th e  assum ptions a number of k in e t ic  eq u a tio n s  a re  o b ta in e d , to  
which ex p erim en ta l d a ta  may be f i t t e d *  However, in  th e  absence of 
o th e r  in fo rm a tio n , correspondence between ex p erim en ta l d a ta  and a 
t h e o r e t i c a l  e q u a tio n  does n o t n e c e s s a r i ly  confirm  th e  assum ptions made 
in  d e r iv in g  th e  e q u a tio n .
N ucle i can only  be observed m ic ro sc o p ic a lly  when th ey  have 
been growing f o r  some tim e , but o b se rv a tio n s  made on copper su lp h a te  
p e n tah y d ra te  [ 84 ] ,  n ic k e l  su lp h a te  h ep tah y d ra te  [8 5 ] , v a r io u s  alums 
[8 2 ,8 4 ] and barium  a z id e  [82] in d ic a te  th a t  once they  a t t a i n  v i s ib le  
s iz e  t h e i r  grow th r a t e  i s  c o n s ta n t .  N uclei a re  f r e q u e n tly  s p h e r ic a l  
e .g ,  in  chrome alum [ 84] and barium  a z id e  [8 2 ] , bu t in  potassium  
hydrogen o x a la te  hem ihydrate [8 7 ] ,  th ey  a re  hexagonal. O ther shapes 
have been observed  in  o th e r  su b s ta n c e s . This in d ic a te s  p r e f e r e n t i a l  
grow th a lo n g  c e r t a in  c ry s ta l lo g ra p h ic  p lan es  and hence growth may ta k e  
p la ce  in  one, o r more u s u a l ly ,  two o r th re e  d im ensions,
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I f  th e  r a t e  o f growth o f a nuc leus i s  denoted by th e  fu n c tio n  
G ( t) ,  th en  th e  s iz e  o f a nucleus which began growth a t  t  = y i s  r e la te d  
to :
/ ' t
r ( t , y ) =  I G (t) d t  . ,  .  ( l )
i
' y
where r  i s  a s iz e  p a ram ete r, in  th e  case  o f a c i r c u la r  o r s p h e r ic a l  
nuc leus equal to  th e  r a d iu s .  A lthough th e  growth r a t e  i s  c o n s ta n t 
in  th e  l a t e r  s ta g e s  o f a r e a c t io n ,  th e re  i s  ev idence th a t  sm all n u c le i  
grow more slow ly  th an  la rg e  ones, so G (t) i s  k ep t as a v a r ia b le .
The s iz e  o f a nu c leu s  which commenced grow th a t  t  = y i s ,  a t  tim e t
v ( t ,y )  = T [ r ( t , y ) ]  • * • ( 8 )
where A = 1 ,2  o r 3 and t r i s  a shape f a c to r ,  equal to  Air  f o r  a s p h e r ic a l  
n u c leu s .
The t o t a l  s iz e  o f a l l  n u c le i ,  V ( t) ,  i s  g iven  b y :-
v ( t )  = I  v ( t ,y )  f a t ’ ! ^
J o '  t=y
where i s  th e  r a t e  o f n u c le a tio n ,d t
S u b s t i tu t in g  from eq u a tio n s  ( j )  and (8 ) ,  t h i s  becomes 
ft r A  X _ ..
v ( t )  = I CT I G (t) d t j  | f  | dy . . .  (10)
o L •’ y J ' ‘ t  = y
Hence to  c a lc u la te  v ( t ) ,  which can r e a d i ly  be r e l a t e d  to  th e
f r a c t io n  decomposed, a ,  we must know th e  s p e c i f ic  forms o f and G (t)
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A number o f t h e o r e t i c a l  eq u a tio n s  govern ing  th e  r a t e  o f 
n u c le a t io n  have been d e riv e d .
I f  we assume th a t  th e  decom position  o f a s in g le  m olecule le ad s  
to  th e  fo rm atio n  o f  a n u c le u s , th e  p ro b a b i l i ty  o f t h i s  even t be ing  
th e n  i t  can be shown th a t  th e  r a t e  o f n u c leus fo rm atio n  i s :
where N i s  th e  number o f p o te n t i a l  nu c leu s  form ing s i t e s „ This n e g le c ts  o
th e  lo s s  o f  p o s s ib le  n u c leu s  form ing s i t e s  due to  t h e i r  in g e s t io n  by 
growing n u c le i,,
In  th e  e a r ly  s ta g e s  o f a r e a c t io n  and e s p e c ia l ly  i f  th e  f r e e  
energy  o f a c t i v a t io n  f o r  n u c le a t io n  i s  v e ry  la rg e ,  th en  k^ i s  v e ry  sm all 
and e q u a tio n  ( l l )  red u ces  to ;
n u c le i  depends on th e  tim e squared  and w ith  barium  a z id e , th e  tim e cubed. 
This can be e x p la in ed  in  two ways. I f  £ su c c e ss iv e  ev en ts  a re  n eo essa ry
^  = k„ N exp ( - k _ t)  d t ± o *  1 « « • (n)
M  = k-N 
d t  1 0
( 12)
E quation  (12) has been found to  app ly  to  th e  i n i t i a l  s ta g e s  o f th e  
d eh y d ra tio n  o f copper su lp h a te  p en tah y d ra te  [83] and chrome alum [84]# 
However, w ith  n ickel, su lp h a te  h e p tah y d ra te  [85] th e  number o f
to  form a n u c le u s , each even t b e in g  o f ,th en B ag d assa rian  [88]
showed th a t  th e  number o f n u c le i  formed in  tim e t  i s ;
9 * 0  ( i3 )
The same tim e dependence i s  o b ta in ed  i f  a s ta b le  nucleus i s  
formed by th e  com bination  o f two a c t iv e  in te rm e d ia r ie s ,  each o f which 
i s  formed a t  a c o n s ta n t r a t e .  Thomas and Tompkins [ 8 l ]  b e lie v e  t h i s  
to  be th e  c o r r e c t  i n t e r p r e ta t io n  o f r e s u l t s  o b ta in ed  from W ischin!s 
[82] measurements on barium  a z id e .
The o th e r  case  i s  t h a t  o f in s ta n ta n e o u s  n u c le a t io n  which co rresponds 
to  a la rg e  v a lu e  o f k^ , In  t h i s  c a se , N = N^.
We s h a l l  now c o n s id e r  some o f th e  a, t  r e la t io n s h ip s  which can
be o b ta in e d . Those expected  to  app ly  in  th e  p re se n t work a re  t r e a te d
in  th e  most d e t a i l j  f o r  th e  o th e r s 9 f u l l e r  d e c a lls  may be found in
G arner [ 89 ]*
N u c lea tio n  acco rd in g  to  a Power Law w ith  Normal Growth.
In  such c a s e s , n u c le a tio n  p roceeds acco rd in g  to  th e  e q u a tio n ;
- M  = Ep-tp-1 . .  .  [ 14]
d t
Assuming a c o n s ta n t r a t e  o f grow th i . e .  G (t) = k 0 andc.
n e g le c tin g  o v e rlap  betw een growing n u c le i ,  i t  can be shown th a t
a = Ctn . . .  [15 ]
which on a llo w in g  f o r  th e  s low er grow th of n u c le i  when th ey  a re  sm all 
becomes
a  -  C' ( t - t  ) n . • • [ l6 ]
1
where t  i s  th e  tim e re q u ire d  to  a t t a i n  normal l i n e a r  grow th. In  b o th
cases n = (3 + X, where ^ ^ 3 .  These eq u a tio n s  have been found to
work w e ll f o r  a number o f su b stan ces  in c lu d in g  barium  and calcium
a z id e s  [8 1 ,8 2 ,9C>], s i l v e r  oxide [9 l]»  aged m ercury fu lm in a te  [ 92] and
barium  s ty p h n a te  monohydrate [ 90]* They can n o t, however, be ap p lie d
docbeyond th e  p o in t where ^  i s  a t  a maximum fo r  th ey  n e g le c t
in te r f e r e n c e  and o v e rlap p in g  o f growth n u c le i .
B ranching n u c le i ,  no o v e r la p .
G arner and H a ile s  [9 3 ] , as a r e s u l t  o f work on whole c r y s ta l s  
o f m ercury fu lm in a te  in tro d u ce d  th e  concept o f n u c le i  as l in e a r  
b ran ch in g  c h a in s . This id e a  has had to  be m odified  and i t  i s  now 
co n sid e red  th a t  th e  n u c le i  a re  p la te  l i k e ,  bu t o f c o n s ta n t average 
width* T his change does n o t a f f e c t  th e  v a l i d i t y  o f th e  f i n a l  answ er,
A c o n s ta n t r a t e  o f nu c leu s  fo rm atio n  a t  a la rg e  number o f s i t e s ,  w ith  
a c o n s ta n t b ranch ing  c o e f f ic ie n t  k^ , was assumed. The r a t e  o f nu c leu s  
p ro d u c tio n  i s ,  th e r e f o r e ,  g iv en  by i
= k -,N + k J  . . .d t 1 0 3
which f i n a l l y  g iv es  th e  r e la t io n s
a  =  C exp (k ^ t)  . . «
1
where th e  c o n s ta n t C' c o n ta in s  th e  r a t e  c o n s ta n ts  f o r  n u c le a tio n , 
grow th and b ran ch in g  and i s ,  th e r e f o r e ,  tem p era tu re  dependent. This 
law works w e ll f o r  le a d  s ty p h n a te  [77] and f r e s h ly  p rep a red  s i l v e r
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o x a la te  [94] and m ercury fu lm in a te  [ 92] .
B ranching n u c le i .  I n te r f e r in g  d u rin g  grow th.
The te rm in a tio n  o f  growth ch a in s  may he allow ed f o r  by in c lu d in g  
an o th e r term  in  eq u a tio n  (1 7 ):
f  = ki N0 + (k 3 -  V  K * * • (19)
where k . i s  th e  p r o b a b i l i ty  o f ch a in  te rm in a tio n . W hether k i s  4 -L
la rg e  o r  sm a ll, t h i s  can be approxim ated to  bys
4 1  = (k_ -  k . )  N . . .  (20)dt 3 4
The r a t e  o f decom position  w i l l  depend on th e  number o f n u c le i  p re se n ts
= k 'H  . . .  ( 21)d t
bu t a cannot be found from eq u a tio n s  (20) and (2 l)  u n le ss  th e  dependence 
o f k^ and k^ upon a i s  known. As th e re  i s  no g e n e ra l th e o ry  i t  i s  
n e ce ssa ry  to  make f u r th e r  assum ptions. P ro u t and Tompkins [93] 
showed, th a t  fo r  po tassium  perm anganate
k^ == ^  ^ # # , ( 22)
' i
where was th e  f r a c t io n  decomposed a t  th e  p o in t o f in f le x io n  o f th e  
a f t  curve and was equal to  ■£■ • This f i n a l l y  gave them:
l n ^  = t t  + 0 . . .  (23)l - «  3
This law has a lso  been a p p lie d  to  le a d  o x a la te  [ 96] and n ic k e l  fo rm ate  [9 7 ]•
For s i l v e r  perm anganate, P ro u t and Tompkins [93] found th e  
r e s u l t s  were b e s t  f i t t e d  by th e  r e l a t i o n
a tIn  * k t  + C .  ,
x - a  ' 3
where th e  b ranch ing  c o e f f ic ie n t  k ,  was n o t c o n s ta n t bu t v a r ie d
3
in v e r s e ly  w ith  tim e
k , = k3
t
I n f i n i t e l y  f a s t  n u c le a t io n  folic-wed by ra p id  su rfa c e  grow th .
For v e ry  ra p id  n u c le a t io n , as has been s ta t e d  p re v io u s ly , th e  
r a t e  o f decom position  i s  governed by th e  r a t e  o f p ro g re s s io n  o f an 
in te r f a c e  in to  th e  c r y s t a l .
C onsider a c r y s t a l  o f A co a ted  w ith  a la y e r  o f p ro d u c t, B.
A *th e  f r e e  energy  o f a c t iv a t io n  o f th e  in te r f a c e  r e a c t io n  i s  AG^ and 
th e  number o f m olecu les in  th e  in te r f a c e  i s  N, th en  th e  r a t e  o f 
r e a c t io n  i s ;
*
^  Nv exp I - A g, ^— = J Vd t *  [ 2 /pm j\  RT I
*
or -dN 
d t = s J v  e x p f -  E / Ni \ 'RT /
where s^ i s  th e  en tro p y  f a c to r ,  e x p ^ A s ^  ^
v i s  th e  l a t t i c e  v ib r a t io n  frequency
*
*  Ai s  th e  en th a lp y  o f a c t iv a t io n ,
This i s  th e  Polanyi-W igner equatio n s  I f  fo r  N we s u b s t i t u te  
fA (t)  where N i s  th e  number o f  m olecules p e r  u n i t  a re a  o f in te r f a c e  
and A (t)  i s  th e  a re a  (tim e dep en d en t), th en  we f in d  th a t ;
~dF = k A (t) . . .
d t *
where k2 -  s 2vN exp ( “e2/ rT ^
Hence, i t  w i l l  be t ru e  th a t ;
= kQA (t) • . »
d t 2
A number o f w orkers have in v e s t ig a te d  th e  v a l i d i t y  o f the  
Polanyi-W igner e q u a tio n  as a p p lie d  to  th e  decom position  o f h y d ra te s
[ 86 , 99- 102] .
D e ta ile d  a , t  form ulae may be o b ta in ed  f o r  s p e c i f ic  cases  by 
f in d in g  th e  a p p ro p r ia te  form of th e  fu n c tio n  A (t) o r by o th e r  arguments*
In  po tassium  o x a la te  hem ihydra te , Hume and C olv in  [ 87] found th a t  
n u c le a t io n  occu rred  p r e f e r e n t i a l l y  a t  co rn e rs  and edges, le a d in g  to  th e  
e s ta b lish m e n t o f an in te r f a c e  p e rp e n d ic u la r  to  th e  la rg e  fa c e s  o f th e  
c r y s t a l s .  I t  was a lso  found by m icroscop ic  o b se rv a tio n  th a t  th e  r a t e  
o f movement o f  th e  in te r f a c e  was c o n s ta n t .  This has a lso  been observed 
w ith  magnesium hydrox ide , in  th e  form o f b r u c i te ,  by Anderson and 
H orlock [ 103] .
C onsider, f o r  s im p l ic i ty ,  th e  case  o f  a c y l in d r ic a l  c r y s ta l  
undergoing  decom position  in  which such a tw o-d im ensional in te r f a c e
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i s  form ed. Let th e  i n i t i a l  ra d iu s  be R and a f t e r  a tim e t ,  l e t  th e  
ra d iu s  o f th e  undeoomposed c r y s ta l  be r .
O b serva tion  shows th a t j
= K  . . .  (29)d t d
I t  can be seen  th a t :
2
Ot = 1- “ p . . .  (30)
R
so th a t  in t e g r a t in g  eq u a tio n  (29) w ith  th e  boundary c o n d itio n  
r  = R when t  = 0 , we o b ta in  :
( l - a ) 2 = 1- V  . . .  (31)
R
T his eq u a tio n , in  th e  same form , bu t w ith  a d i f f e r e n t  c o n s ta n t 
i s  a lso  a p p lic a b le  to  re c ta n g u la r  o r hexagonal c r y s t a l s .  I t  has been 
a p p lie d  to  th e  decom position  o f magnesium hydroxide powders and b r u c i te  
c r y s ta l s  by Anderson and H orlock [ l0 3 ] .  I t  was a lso  used by Hume and 
C olvin  [8 7 ] ,  bu t in  a m od ified  form which allow ed f o r  th e  f a c t  th a t  in  
p r a c t ic e ,  n u c le a t io n  may n o t be i n f i n i t e l y  f a s t ,  as has been assumed in  
th e  above d e r iv a t io n  and hence a f i n i t e  tim e , t Q, i s  re q u ire d  fo r  th e  
e s ta b lish m e n t o f th e  i n t e r f a c e .  Under th e se  c o n d itio n s  eq u a tio n  ( 3 l )  
becomes:
JL
( l  - a ) 2 = 1 -  V C . . .  ( 32)
R
where T =  t  -  t Q . I t  i s ,  u n fo r tu n a te ly , n o t easy  to  e s tim a te  t Q 
w ith  accu racy .
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I f  a th re e -d im e n s io n a l in te r f a c e  i s  form ed, th e  system  can be 
re p re se n te d  by a c o n tra c t in g  sphere  o r p a r a l le le p ip e d ,  as in  copper 
su lp h a te  p e n ta h y d ra te .
For s p h e r ic a l  p a r t i c l e s  o f i n i t i a l  ra d iu s  R, i t  i s  easy  to  show 
by an argument analagous to  th a t  used above, th a t :
■1/3
( 1 - 0  = 1 -  k2t  . . .  (33)
~
This eq u a tio n  has been a p p lie d  by Spencer and Topley [ l0 4 ]  to  
s i l v e r  c a rb o n a te  and by Gregg and Razouk [105] to  magnesium hy d ro x id e .
Topley and Hume [lOO] found th a t  a d i f f e r e n t i a l  form o f e q u a tio n  (33) 
f i t t e d  t h e i r  r e s u l t s  f o r  th e  d eh y d ra tio n  o f calc ium  carb o n a te  hexahydrate  
when a >0*71* Such a law was n o t expected  to  app ly  to  th e  whole 
decom position  as i t  showed an a c c e le r a to ry  p e r io d . D i f f e r e n t ia t io n  
o f  eq u a tio n  (33) g iv e s :
da _ * / x2/ 5 / .x^  (1 — oc) • • • (  34)
where k ? = ^ 2  
R
Thus th e  form al o rd e r  o f th e  r e a c t io n  i s  2/ 3* Such an o rder 
has been found f o r  th e  decom position  o f n ic k e l  hydroxide by T e ich n er, 
M a rc e ll in i  and Rue [75]*
I t  has been su g g ested  th a t  th e  a c c e le ra to ry  p e rio d  observed  fo r  
calcium  carb o n a te  hexahydrate  may be due to  a )  nu& eation  acco rd in g  to  an
e x p o n en tia l law , each n u c leus then  undergoing ra p id  su rfa c e  growth o r h)
in s ta n ta n e o u s  n u c le a tio n , but w ith  only  one nuc leus p e r  p a r t i c l e ,  th e  
re a c t io n  th en  sp read in g  in  from th i s  n u c le u s , An eq u a tio n  based on 
t h i s  second assum ption f i t s  th e  d a ta  q u ite  w e ll f o r  0 ,3  <C a<C 0*7
n cco rd in g to  an e x p o n en tia l law fo llow ed  by ra p id  su rfa c e  grow th#
I t  i s  assumed th a t  a f t e r  n u c le a tio n  o f a  p a r t i c l e ,  acco rd ing  to  
eq u a tio n  ( n ) ,  ra p id  tw o-dim ensional growth ta k es  p lace  le a d in g  to  the  
fo rm atio n  o f an i n te r f a c e .  The subsequent growth o f  t h i s  in te r f a c e  w il l  
fo llo w  one o f  th e  laws a lre a d y  d e sc r ib e d . For example, in  th e  case  of 
s p h e r ic a l  p a r t i c l e s ,  i t  w i l l  fo llo w  th e  c o n tra c t in g  sphere  model 
(e q u a tio n  33) t
I t  can be shown th a t  f o r  such a system :
where R i s  th e  i n i t i a l  ra d iu s  o f th e  p a r t i c l e s  and k^ and have t h e i r
s t r a ig h t  l i n e .  T his was found to  be so fo r  calc ium  carb o n a te  hexahydrate
*  *  * (35)
where t^  i s  a tim e g r e a te r  th an  t^
t^  i s  th e  tim e a t  which th e  r e a c t io n  has reached  th e  c e n tre  
o f th o se  p a r t i c l e s  n u c le a te d  a t  t  = 0
+
u su a l s ig n if ic a n c e .  Thus, a p lo t  o f In  ( l - a )  a g a in s t  t  shou ld  be a
by B rad ley , C olv in  and Hume [ l0 6 ] ,  who showed th a t  e q u a tio n  (35) f i t t e d
t h e i r  r e s u l t s  fo r  0 .25 ‘C 1*0.
In  th e  case  o f random n u c le a tio n  as above, bu t w ith o u t ra p id
4s u rfa c e  grow th, i t  i s  found th a t  i f  i s  sm all a v a r ie s  as t  and i f
3i s  la r g e ,  a  v a r ie s  as t  . The f i r s t  o f th e se  r e la t io n s h ip s  has been 
found to  app ly  to  ammonium chrom ates by F ischbeck  and S p in g le r  [l0 7 ]*
The second law i s  a lso  o b ta in ed  f o r  n u c le a tio n  acco rd in g  to  a power law , 
fo llow ed  by norm al grow th, p rov ided  th a t  n u c le a tio n  i s  v e ry  r a p id .
In g e s tio n  o f n uc leus form ing s i t e s  and o v e rlap p in g  o f grow th n u c le i .
In  any s o l id  decom position , c e r ta in  p o te n t ia l  n uc leus form ing
s i t e s  w i l l  never y ie ld  grow th n u c le i  as th ey  a re  in g e s te d  by o th e r  growth 
n u c le i  b e fo re  th ey  can become a c t iv e ,  Furtherm ore d u rin g  th e  r e a c t io n  
o v e rlap p in g  o f growing n u c le i  must o ccu r. G eneral a , t  r e la t io n s h ip s  can 
be o b ta in e d  f o r  th e se  c o n d itio n s  in  th e  s p e c ia l  case  o f com ple te ly  random 
n u c le a t io n . The form ulae a re  r a th e r  i n t r a c t a b l e ,  bu t f o r  com ple tely  
random n u c le a tio n  fo llow ed  by th re e -d im e n s io n a l grow th, Avrami [ l0 8 ]  has 
shown th a t  f o r  th e  i n i t i a l  p e rio d  when t  i s  sm all:
a  = 1 -e x p  (-kt^") • . . (37)
and in  th e  decay p e rio d  when t  i s  la rg e
a = 1 -  exp ( - k t  ) • . • ( 38)
E ro feev  [ l0 9 ]  u s in g  s t a t i s t i c a l  methods and M o tt 's  [ l lO ]  th e o ry  o f — 
nucleus fo rm atio n  has shown th a t  in  g e n e ra l
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a = 1 -  exp ( - k t n ) , n \  4 . • « (39)
This r e s u l t  i s  o f te n  r e f e r r e d  to  as th e  T opok inetic  equation*
The v a lu e  o f n in  t h i s  th e o ry  depends on th e  number o f e le c tro n s  n e ce ssa ry  
f o r  th e  fo rm atio n  o f a s ta b le  nuc leus and th e  number o f dim ensions in  which 
nu c leu s  grow th ta k es  p lace*  With co -w orkers, E rofeev  has g iven  o th e r  
d e r iv a tio n s  o f t h i s  e q u a tio n  [111 ,112] which show th a t  th e  v a lu e  o f n depends 
on w hether n u c le a tio n  i s  in s ta n ta n e o u s  o r random and th e  number o f  dim ensions 
in  which th e  n u c le i  grow.
A s im ila r  e q u a tio n  has been d e riv ed  by Evans [ l l 3 ]  f o r  th e  analagous 
problem s o f  g ra in  growth in  a m e ta l, a th re e -d im e n s io n a l p ro ce ss  and f ilm  
grow th on a m eta l s u r fa c e ,  which i s  tw o-d im ensiona l. He c o n s id e rs  th e  
cases  o f in s ta n ta n e o u s  and random n u c le a tio n . The p ro o fs  a re  based cn 
th e  s t a t i s t i c a l  concept o f E x p ec ta tio n  and show th a t  in  eq u a tio n  (39 )> th e  
index  n may be re p re se n te d  by
n = (cr + fci) • • * (40)
where <ar = 0 f o r  in s ta n ta n e o u s  n u c le a tio n
1 f o r  random n u c le a t io n
X = th e  number o f dim ensions o f nucleus grow th.
An a l t e r n a t iv e  approach  to  th e  problem  i s  th a t  o f Mampel [ l l4 ] «
The fo rm atio n  o f  n u c le i  which undergo two d im ensional s u rfa c e  grow th i s
co n sid e red  to  be analagous to  th e  random throw ing o f d is c s  o f a re a  
2 2i r k 2 ( t  -  y) on to  a p lan e  s u r fa c e . In  m athem atica l term s th e  problem
th en  reduces to  th e  c a lc u la t io n  o f th e  f r a c t io n  o f su rfa c e  uncovered a t  
a tim e t ,  which co rresponds to  th e  u n re a c te d  f r a c t io n  ( l  -  a ) .  D iscs 
f a l l i n g  w ith in  o th e r  d is c s  a re  phantom n u c le i ,  and th o se  which - p a r t i a l l y  
cover one an o th e r r e p re s e n t  n u c le i  which o v e rlap  d u rin g  growth.. To allow  
f o r  n u c le i  sp read in g  in to  th e  c r y s ta l ,  a s p h e r ic a l  p a r t i c l e  i s  d iv id ed  
in to  a number o f  th in  s p h e r ic a l  s h e l l s ,  The f i n a l  form ulae have on ly
been e v a lu a te d  fo r  s p e c ia l  c a se s j
\ 4
a )  When t  i s  sm a ll, a i s  p ro p o rtio n ed  to  t
b) For a la rg e  p a r t i c l e  r a d iu s ,  th e  c o n tra c t in g  sphere  form ula 
(e q u a tio n  33) i s  o b ta in ed  w ith  th e  a d d it io n  o f a sm all e x tra  
term  which becomes n e g l ig ib le  as t  in c re a s e s ,
c ) For sm all p a r t i c l e  r a d iu s t
l n ( l - a )  = c -  ^ k - jN  r ^ t  . ,  , ( 4 l )
As th e  r a t e  e x p re ss io n s  depend on th e  p a r t i c l e  s i z e ,  i t  would be 
d e s ir a b le  to  a llow  f o r  th e  s iz e  d i s t r i b u t io n  in  any p a r t i c u l a r  sam ple. 
However, due to  th e  i n t r a c t i b i l i t y  o f  th e  Mampel eq u a tio n s  i t  has n o t y e t 
proved p o s s ib le  to  do t h i s .
In  th e  } .ater s ta g e s  o f  many decom positions i t  has been found th a t  
th e  r e a c t io n  fo llo w s a f i r s t  o rd e r law [ 77?79»115t 119] . This i s  
because ve ry  o f te n  th e  in te r f a c e  c o lla p s e s  due to  in t e r n a l  s tra in *  
p roducing  i s o la t e d  b locks o f undecomposed m a te r ia l  in  which no n u c le i  
a re  p r e s e n t .  In  th e se  b lo c k s , each m olecule p o sse sse s  an equal
p r o b a b i l i ty  f o r  decom position  and th e  r a t e  o f r e a c t io n  i s ,  th e re fo re ^  
p ro p o r t io n a l  to  the 'am ount undecomposed. Thus,
These r e s u l t s  may a lso  be proved more r ig o ro u s ly  by s t a t i s t i c a l  
m ethods.
1 .4 .  S t r u c tu r a l  e f f e c t s  in  th e  decom position  o f s o l id s
In  many re a c t io n s  o f  c r y s ta l l in e  s o l id s  th e re  i s  a d e f in i t e  
s i m i l a r i t y  between th e  c r y s ta l  s t r u c tu r e s  o f  th e  s t a r t i n g  m a te r ia l  and 
th e  p ro d u c t. Because o f t h i s ,  th e  c ry s ta l? o g ra p h ic  o r ie n ta t io n  o f th e  
p ro d u c t and in  some case s  i t s  n a tu re  may be c o n tro l le d  by th e  s t r u c tu r e  
o f th e  s t a r t i n g  m a te r ia l .  There a re  two k in d s  o f s t r u c t u r a l  c o n tro l ,  
e p i ta x y  which i s  a tw o-d im ensional e f f e c t  and to p o tax y  which i s  th r e e -  
d im en sio n a l.
E p itax y  has been d e fin e d  by Mackay [ l2 0 ]  as tra n s fo rm a tio n s  in  which 
’’c r y s ta l s  , , .  grow on c e r ta in  i n te r n a l  • • .  c r y s ta l  p lan es  o f th e  i n i t i a l  
m a te r ia l  so th a t  th e re  i s  tw o-d im ensional accord  between th e  pack ings in  
th e se  p la n e s , bu t o th e rw ise  th e  s t r u c tu r e s  a re  d i s s im i la r ,  th e  second 
phase ap p ea rin g  as an in te rg ro w th  in  th e  f i r s t  p h ase” . The o x id a tio n  
o f m eta ls  i s  u s u a l ly  an e p i t a x ia l  p ro cess  and a f u r th e r  example i s  th e  
c r y s t a l l i z a t i o n  o f  some o rg an ic  compounds in  c e r ta in  d e f in i t e  o r ie n ta t io n s
•  •  o ( 42 )
and hence In  ( l - a ) -kt •  •  • (43)
on th e  s u rfa c e  o f  m ica.
L o tg erin g  [ l 2 l ]  proposed th e  term  to p o tax y  ’’fo r  a l l  chem ical 
s o l id  s t a t e  re a c t io n s  th a t  le a d  to  a m a te r ia l  w ith  c r y s ta l  o r ie n ta t io n s  
which a re  c o r r e la te d  w ith  c r y s ta l  o r ie n ta t io n s  in  th e  i n i t i a l  compound” • 
Mackay [ l2 0 ]  d e f in e s  to p o tax y  more narrow ly  as tra n s fo rm a tio n s  in  which 
”th e  m a jo r ity  o f th e  atom ic p o s i t io n s  in  th e  o r ig in a l  and in  th e  t r a n s ­
formed m a te r ia l  a re  s u b s ta n t i a l ly  th e  same and th e re  i s  accord  in  th re e  
d im ensions between th e  i n i t i a l  and f i n a l  l a t t i c e s ” .
A g re a t  many to p o ta c t ic  r e a t io n s  have been s tu d ie d  and d e ta i l s  may 
be found in  th e  rev iew  by Dent G la sse r , G la sse r  and T ay lo r [ l2 2 ] .  Only 
th o se  w ith  a b e a rin g  on th e  p re se n t work w i l l  be m entioned h e re .
The decom position  o f magnesium hydroxide has been in v e s t ig a te d  by 
a number o f w orkers and i s  p a r t i c u l a r ly  r e le v a n t ,  s in c e  i t s  c r y s ta l  s t ru c tu re  
i s  o f th e  same type as th e  hydrox ides s tu d ie d  in  th e  p re s e n t work. They 
form a la y e r  s t r u c tu r e  o f  hydroxyl io n s  in  approx im ate ly  hexagonal c lo se  
p ack in g , th e  c a t io n s  occupying o c ta h e d ra l i n t e r s t i c e s .  The oxides 
MgO, FeO,CoO and NiO a l l  have a sodium c h lo r id e  s t r u c tu r e  in  which th e  
oxide io n s  a re  in  ap p rox im ate ly  cubic  c lo se  pack in g . Many X -ray s tu d ie s  
o f  th e  magnesium hydrox ide decom position  have been made [103 ,123-126] and 
i t  has been found th a t  th e  o r ie n ta t io n  r e la t io n s h ip  observed  i s  th a t  which 
a llow s th e  b e s t  p o s s ib le  f i t  between th e  c lo se  packed oxygen p lan es  o f  th e  
hydrox ide and o x id e . Thus, th e  ( i l l )  p lan e  o f th e  oxide i s  formed 
p a r a l l e l  to  th e  (OOl) p lan e  o f th e  h y d ro x id e . The change in  oxygen
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2+packing  from hexagonal to  cub ic  seems to  occur r e a d i ly  w ith  Mg as
2+th e  c a t io n .  The behav iou r o f th e  Fe io n  i s  b e lie v e d  to  be s im i la r  
2+to  th a t  o f Mg on account o f th e  s im i l a r i t y  o f th e  io n ic  r a d i i .  With 
3+ 3+Fe and A1 , however, where th e  io n ic  r a d i i  as*® sm a lle r , changes in  oxygen
packing  on ly  occur w ith  d i f f i c u l t y .  Thus, d ia sp o re  A10.0H on h e a tin g  in
a i r  to  500° g iv e s  corundum Al^O^. In  bo th  o f th e s e ,  th e  oxygen pack ing
i s  hexagonal. With boehm ite A10.0H, however, y -a lum ina i s  formed a t
500° and corundum only  appears  above 1000° [ l 2 7 ] ,  In  t h i s  c a se , th e
oxygen pack ing  i s  cub ic  and th e  sequence o f phase changes i s  determ ined
by th e  tendency f o r  t h i s  to  rem ain unchanged. Such b eh av iou r i s  n o t to
2+ 2+be expected  w ith  Co o r Ni as t h e i r  io n ic  r a d i i  a re  c lo se  to  th a t  o f 
2+ 2+ r iMg and Fe [12 8 J, In te rm e d ia te  m e ta s ta b le  phases o f te n  occur in  
to p o ta c t ic  r e a c t io n s ,  y -a lum ina  be ing  a good example. Some w orkers [125] 
have d e te c te d  an in te rm e d ia te  phase w ith  a s p in e l  s t r u c tu r e  in  th e  
decom position  o f magnesium hyd ro x id e , but Anderson and H orlock [103] 
found no ev idence  o f t h i s .
H ydrotherm al r e a c t io n s  may a lso  be to p o ta c t ic .  With aluminium 
compounds, such c o n d itio n s  f a c i l i t a t e  r e a c t io n s  in  which th e  type  o f 
oxygen pack ing  changes, such  as th e  co n v ersio n  o f g ib b s i te  Al(0H)^ 
in to  boehm ite, which occurs below 300°Ci I t  i s  p o s s ib le  th a t  h yd ro - 
therm al r e a c t io n s  may occur in s id e  c r y s ta l s  on h e a tin g  in  a i r  i f  th e re  i s  
impedance to  th e  escape o f w a te r . For exam ple, g ib b s i te  o f te n  y ie ld s  
boehm ite as w e ll as ^ a lu m in a ,  p a r t i c u l a r ly  i f  la r g e r  c r y s ta l s  a re
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used [l2 9 ]*
I t  was fo rm erly  supposed th a t  in  d eh y d ra tio n s , th e  w ater was
l o s t  more or l e s s  u n ifo rm ly  from a l l  re g io n s  o f th e  c ry s ta l*  However,
in  th e  case  o f magnesium h ydrox ide , t h i s  homogeneous mechanism was
r e je c te d  in  favou r o f  an inhomogeneous one which i t  was co n sid e red
would account more s a t i s f a c t o r i l y  f o r  the  fo rm atio n  o f  th e  s p in e l- ty p e
2+in te rm e d ia te  phase [ l2 5 ,  1 30 ], The new mechanism supposes th a t  Mg
TT +and H io n s  m ig ra te  in  o p p o s ite  d i r e c t io n s ,  oxygen atoms be in g  l o s t  on ly  
from th e  re g io n s  where th e  c r y s ta l  forms po res  and n o t from re g io n s  where 
th e  magnesium oxide i s  form ed. Which mechanism i s  c o r r e c t  has n o t ,  as 
y e t ,  been c o n c lu s iv e ly  e s ta b l is h e d .
Many o f th e  in te rc o n v e rs io n s  o f th e  iro n  ox ides a re  a lso  to p o ta c t ic  
p ro c e sse s  [41 ,120 ,131]*  The ox ides FeO, Fe^O^ anci Y “ Fe2^3 ma^ 
in te rc o n v e r te d  by h e a tin g  in  s u i ta b le  a tm ospheres. A ll th e se  ox ides have 
s t r u c tu r e s  based on th e  cub ic  c lo se  pack ing  o f oxide ions and d iffe r in g  in  the  
number and k in d  o f  i n t e r s t i c e s  occupied  by th e  c a t io n s .  M agnetite  may 
be reg a rd ed  as d e r iv in g  from fe r ro u s  oxide by rem oval o f one q u a r te r  o f 
th e  i r o n ,  some o f th e  rem ainder becoming f e r r i c  in  o rd e r to  p re se rv e  
e l e c t r i c a l  n e u t r a l i t y .  Removal o f  f u r th e r  i ro n  from m ag n etite  g iv es  
y-Fe^O^ which has alm ost th e  same l a t t i c e  dim ensions as m ag n etite  and may 
be reg a rd ed  as a s p in e l  w ith  v a c a n c ie s . F errous oxide i s  a p -ty p e  semi­
co n ducto r w ith  c a t io n  v a c a n c ie s , some o f th e  rem ain ing  i ro n  be ing  
co n v erted  to  f e r r i c  to  p re se rv e  e l e c t r i c a l  n e u t r a l i t y ,  Roth [ l3 2 ]
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su ggested  th a t  by v i r tu e  o f t h i s  d e fe c t s t r u c tu r e  i t  cou ld  have a lo c a l  
s t r u c tu r e  l i k e  th e  s p in e l  l a t t i c e  which would make th e  tra n s fo rm a tio n  
from FeO to  Fe^O^ r e l a t i v e l y  easy  in  term s of energy*
T o p o tac tic  r e a c t io n s  a re  b e s t  s tu d ie d  by X~ray s in g le  c r y s ta l  
te c h n iq u e s , though s e le c te d - a r e a  e le c tro n  d i f f r a c t i o n  may be u s e fu l  i f  
la rg e  enough c r y s ta l s  f o r  X -ray work cannot be o b ta in e d . A d isad v an tag e  
o f t h i s  method i s  th a t  in  some cases  d i f f e r e n t  r e s u l t s  a re  o b ta in ed  when 
decom position  ta k e s  p la ce  in  th e  e le c tro n  beam [l24-]« X -ray powder 
photography canbe used  to  show th e  p resen ce  o f in te rm e d ia te  p h ases , b u t 
in  g e n e ra l i s  o f l i t t l e  use in  d e te rm in in g  o r ie n ta t io n  re la t io n s h ip s , ,
On account o f th e  isom orphism  o f  f e r ro u s ,  c o b a lto u s  and n ic k e l ic  
h y d ro x id es , i t  i s  to  be expected  th a t  th e  s t r u c t u r a l  changes in  th e  
decom position  w i l l  be th e  same in  a l l  c a s e s . C onsequently , in  th e  p re s e n t 
work, n ic k e l  hydroxide was chosen as th e  model su b stan ce  on account o f 
i t s  chem ical s t a b i l i t y .  The r e s u l t s  o b ta in e d  on th e  s t r u c tu r e  changes 
d u rin g  i t s  decom position  were th en  assumed to  app ly  to  th e  fe r ro u s  and 
c o b a lto u s  system s.
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S E C T I O N  2
THE THEORY OF NON-ISOTHERMAL REACTION KINETICS
-53-
2 .1 o In t r o d u e t i  on
A c tiv a t io n  e n e rg ie s  f o r  a  r e a c t io n  are most u s u a lly  o b ta in e d  by
m easuring th e  r a t e  o f th e  r e a c t io n  under is o th e rm a l c o n d itio n s  a t  a
number o f  d i f f e r e n t  te m p e ra tu res*  I t  i s  assumed t h a t  th e  A rrhen ius
eq u a tio n  i s  obeyed and hence the  a c t i v a t i o n  energy i s  found from  th e  s lo p e
-1of a g raph  o f  In  k  a g a in s t  T , T being  th e  a b so lu te  tem peratu re*
I t  has been shown th a t  th e  same r e s u l t  can be achieved  by s tu d y in g
th e  r e a c t io n  under c o n d itio n s  where th e  te m p e ra tu re  in c re a s e s  l i n e a r l y  
w ith  time* In  a n o n -iso th e rm a l decom position , i t  i s  assumed th a t  th e  
in s ta n ta n e o u s  r a t e  o f  r e a c t io n  ( jjr )  an in s ta n ta n e o u s  a b so lu te  tem pera— 
tu r e  T, i s  th e  same as the  r a t e  o f an iso th e rm a l decom position a t  th e  
tem p era tu re  T* I t  i s  a lso  assumed th a t  the  r a t e  o f  r e a c t io n  i s  independ­
e n t o f th e  p re v io u s  th e rm a l h i s to r y  of th e  sam ple, i . e .  o f th e  way i n  w hich 
i t  reach ed  th e  te m p e ra tu re  T* E xperim en ta l j u s t i f i c a t i o n  of t h i s  l a s t  
assum ption  comes from  th e  work o f G-arner and H a ile s  [ 93] on m ercury 
fu lm in a te , i n  w hich i t  was found th a t  in te r r u p t in g  th e  r e a c t io n  by c o o lin g  
to  room tem p era tu re  made no d if f e r e n c e  to  th e  r a t e  o f  decom position  when 
h e a tin g  was resumed*
In  g e n e ra l, th e  r a t e  o f a  r e a c t io n  may be re p re s e n te d  by :
§f  = kf (a)  . . .  (2*4)
where k  i s  a  r a te  c o n s ta n t and f ( a )  i s  some fu n c tio n  o f  a  whose s p e c i f ic  
form  depends on th e  way i n  w hich th e  r e a c t io n  i s  p ro p ag a ted  th rough  th e
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s o l i  dd P rev ious vrorkers in  the  f i e l d  have used  a form a p p lic a b le  on ly
to  c a se s  where an in te r f a c e  r e a c t io n  i s  r a t e  c o n tro l l in g  and f o r  th e
s p e c ia l  case o f  a f i r s t  o rd e r  re a c tio n *  This has n o t been  made c le a r  in
the  p u b lish e d  papers* F urtherm ore, each au tho r has used  h is  own system  
o f n o ta t io n  which can make a review  o f p re v io u s  work u n n e c e s sa r ily  com pli­
cated* C onsequently , in  t h i s  s e c t io n ,  the  r e s u l t s  o f o th e r  w orkers have 
been ex p re ssed  in  th e  s ta n d a rd  n o ta t io n  used  th ro ughou t t h i s  t h e s i s .
E q u a tio n s  a re  a lso  d e riv e d  f o r  th e  im p o rtan t case  o f n u c leu s  growth a s  th e
r a te  c o n tr o l l in g  process*
I t  has a lre a d y  been m entioned th a t  in  non~ iso therm al k in e t ic  s tu d ie s ,  
th e  h e a tin g  r a t e  i s  c o n s ta n t ,  so we can w rite
where a i s  th e  h e a tin g  r a t e  ex p re ssed  in  degrees p e r  minute*
Assuming th a t  th e  A rrhen ius eq u a tio n  i s  obeyed, our i n i t i a l  assump* 
t io n  a llow s us to  w r i te  eq u a tio n  (44) in  a form w ith  tem p era tu re  as th e  
indep  en dent v a r i  a b le  :
a  d t  = dT (45)
• • (46)
where A i s  th e  p re -e x p o n e n t ia l  f a c to r  o f th e  A rrhen ius equation#
In  th e  case  where an in te r f a c e  r e a c t io n  i s  r a t e  c o n t r o l l in g ,  
exam ination  o f e q u a tio n s  ( 31) and. (3 3 ) showsthe a p p ro p r ia te  form  of f ( a )  to  
be ( l - a ) n  where n i s  th e  fo rm al o rd e r  o f r e a c t io n .  T his form  i s  a lso
a p p lic a b le  to  f i r s t  o rd e r re a c tio n s^  Hence, eq u a tio n  ( 46 ) can be 
w r i t t e n  as :
dT a V RTda “ -  exp ( ™  |(l--a)n „ , * (4.7)
which i s  a d i f f e r e n t i a l  e q u a tio n  to  th e  decom position  cu rv e , o r  as i t  i s  
more u s u a l ly  known in  n o n -iso th e rm a l s tu d ie s ,  thermogram* Taking 
logarithm ®  and d i f f e r e n t i a t i n g  g iv e s  %
d ln  = ^ “2 dT + n d In  ( ! - “ ) • • • Of-8 )dT E.T
l
In te g ra t in g  over sm all l i m i t s ,  we can  w r ite  ;
A. I n  da _ ^ 3 * jfcC
dT R + n A i n  ( l - a )  . . (4-9)
and hence a  p l o t  o f  A I n  da a g a in s t  A  In  (l~ct) f o r  a c o n s ta n t increm en t
dT
„1  —
of A  (T ) shou ld  g ive  a  s t r a ig h t  l i n e  o f  s lo p e  n and in te r c e p t  - r — .it
This approach i s  a  l a t e r  development by Freeman [133] o f a method f i r s t  
su g g ested  by K ofstad  [134-] and developed by Freeman and C a r ro l l  [135]»
This method, i n  one o f i t s  forms has been  a p p lie d  to  a  number o f su b stan ces  
in c lu d in g  polym ers, h y d ra te s  and o th e r  sim ple s a l t s  [ 133?133~14-4-] *
An a l t e r n a t iv e  method i s  to  re a rra n g e  eq u a tio n  (4-7) and in te g r a te ,  
g iv in g  an e q u a tio n  to  th e  thermogram* Thus,
f a
  n = 7  I exp ~ ~ )  dT * ' * (5°>( l - a )  a l \ RT /
0 - k  • 4
where Tq i s  th e  te m p e ra tu re  a t  which no r e a c t io n  ta k e s  p la c e . The l e f t - h a n d  
sidai o f e q u a tio n  ( 50 ) i s  r e a d i ly  in te g r a te d ,  b u t i t  i s  n o t p o s s ib le  to  
e v a lu a te  th e  r ig h t-h a n d  s id e  e x a c tly , and v a rio u s  approx im ations have been 
proposed*
Van K revelen  e t  a l .  [14-5] gave two app rox im ations. The f i r s t ,  which
enab led  th e  v a lu e  o f  E^to  be determ ined, g ra p h ic a lly  was o n ly  a p p lic a b le
when 0.9T <C 1 <  I . I T  , T b e in g  th e  tem p era tu re  a t  which th e  maximum r a t e  m nr m
of r e a c t io n  o c cu rs . The a l t e r n a t iv e ,  v a l id  f o r  a l l  v a lu e s  o f T, used  an 
expansion  due to  Schlbm ilch [ 14-6] .
I “1 /p  ~ l/pe dp = pe
2
o
p + i) Tp +i K p+2) (p + i; # . . (p +3)
t o 4  . 14p 5
(p + l) . . .(p + 4 .)  ( p + l ) . . . ( p + 5 ) *  •  • (51)
In  the p re s e n t  c a se , p = RT
E5S
I f  p <0*04- as i s  u s u a l ly  th e  ca se , th e n  on ly  th e  f i r s t  two term s need 
be taken* This does n o t a f f e c t  th e  f i r s t  th re e  s ig n i f i c a n t  f ig u re s*  
Thus, r P
~ l /  p _ - l / p/  dp = e '  * (52)
T his expansion  h as a ls o  been  used  by T urner e t  a l .  [14-7]* S u b s t i tu t in g  
f o r  p i n  e q u a tio n  (5 2 ) , th en  e q u a tio n  ( 50 ) becomes, on in t e g r a t io n  :
—37s”
Since R2T2 <34 3ESRT o r  2E3£Z, t h i s  reduces to  : 
,1 -n  a ««m2
AE
8»
.352
,55
(R2T243E*RT*2E*2 )
(53)
A 2RT‘ 
a * (3RT+2E) (54)
Van K revelen  e t  a l .  d e riv e d  t h e i r  r e s u l t s  by a curve f i t t i n g  m ethod, ex­
p e rim e n ta l p o in ts  be ing  f i t t e d  to  a  s e r ie s  o f t h e o r e t i c a l  c u rv e s .
An a l t e r n a t iv e  method o f in te g r a t io n  has been g iyen  by Doyle [148] 
E35L e t RT = u and l e t  u have v a lu e s  x  and x co rresp o n d in g  to
tem p e ra tu res  T and TQ re s p e c tiv e ly *  Then,
35
dT = -E'R
du
2
u
and th e  r ig h t-h a n d  s id e  o f eq u a tio n  (30) becomes
xr55 i -U
I  =
In te g ra t in g  by p a r t s  s
-AE'
aR / 2/ u - x o
du (55)
X r  x
-u / - u  ,+ / e duAE e
aR u . X 1 — ^X
- 0 0 j
(56)
T his may be -w ritten  a s  : 
r
I  = AE'aR
,55 00 ~u
e*—  du] -  1 ®
U 1 \ xo
I s i du I : |.  . . (57 ) u I
X X
For a l l  re a so n a b le  v a lu es  of a ,  th e  second b ra c k e te d  term  i s  n e g l ig ib le
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compared to  th e  f i r s t ,  so th e  e x p re ss io n  becomes :
AS* (  e*’x  f V u
aH v „
x
V alues o f  th e  b ra c k e te d  e x p re ss io n  were ta b u la te d  and v a lu es  o f
/  ~x \ 00 -u  \
{ * r -  ~ !  V  a u )  • • * ( 5 8 )
BHfound by a t r i a l  and e r r o r  method b a sed  on in te r p o la t io n .  I f  x  i s  
g r e a te r  th an  15* as i s  u s u a lly  th e  case , th e  i n t e g r a l  te rm  i n  e q u a tio n  (58) 
can be approxim ated to  by th e  f i r s t  two te rm s of th e  asy m pto tic  e x p re ss io n s
e“X ( j  ~ + . . . ) . . .  (59)
Making t h i s  s u b s t i t u t io n  and s im p lify in g , e q u a tio n  (58) becomes s
r  -  A?RT2 / \  vj  _ , exp I " ■11 | • • « (60)
aE V RT /
where i s  an ap p a ren t frequency  f a c t o r  and c o n ta in s  the  e r r o r  due to
■s
the approx im ation . The r a t i o  o f  A ' to  th e  t ru e  freq u en cy  f a c t o r  A depends
*
on th e  va lue  o f x . Thus, f o r  x  = 15* A /A  = 0.888 and f o r  x  = 25*
A /A  = 0 .928 .
T his ex p ress io n  was used by Doyle, ag a in  w ith  a curve f i t t i n g  method,
b u t he o n ly  c o n sid e red  th e  s p e c ia l  cases o f zero  and f i r s t  o rd e r r e a c t io n s .
The most r e c e n t  approach to  th e  problem  i s  th a t  o f Horowitz and
M etzger [14-9]# They p o in te d  ou t t h a t  many decom positions occur over a
r e l a t i v e ly  narrow  ran g e  o f tem p era tu re  a t  a r e l a t i v e l y  h ig h  a b so lu te
te m p e ra tu re . A re fe re n c e  tem p e ra tu re  T was chosen  and a q u a n ti ty  . 0s
d efin ed  such t h a t
Then,
T = T * © s •  •  <3 ( 61)
( 62 )
9 /y s in ce  ^  1
s
Making t h i s  s u b s t i tu t io n ,  the  r ig h t-h a n d  s id e  o f  e q u a tio n  (50) can be 
in te g r a te d  e x a c tly  and we o b ta in  ;
1 -  ( l - a
( l  n )
1-n ART'
aE,36
exp RT (63)
T his e q u a tio n  c o n ta in s  th r e e  unknowns, so i t  i s  n ecessa ry  to  determ ine a t
l e a s t  one o f them by some o th e r  method. I f  Tg i s  d e f in e d  as th e  tem pera—
clcotu re  a t  which ■gr i s  a maximum, th e n  d i f f e r e n t i a t i n g  eq u a tio n  (47) g iv es  ;
d V
dT2
A
a
\n—1 da *n (1 -  a ) s 5
T=T
A ,n E“(1 -  a) ~  exp
RTs
! -is*
, 5
RT = 0 (64)
Combining th i s  w ith  eq u a tio n  (47) %
l l
t
RT*
A / xn-1 / - S 55 -  n (1 -  a) exp I —
a s
S u b s t i tu t io n  i n  eq u a tio n  ( 63 ) g iv e s  
>l-n
"■ ■d.'yi = 1 (1 _ a)
1 - n  n
n*L / E  6 
exp — rr
\ RTs
(65)
( 66 )
~6o«
At T } § = 0 , ( l  •" ct) -  ( l - a . )  , so t h a t  :s s
1
( l - a )  = (n )1~n . . , ( 67 )o
Hence n can , in  th e o ry , be determ ined by the  p o s i t io n  of th e  p o in t o f
in f le x io n * , Thus, f o r  n = 0, ( l  -  a ) = 0, n = ( l  -  a )  = 0*250,s  s
n = 2/ 3 , ( l - a )  = 0 . 296, n = 1 , (1  -  a )  = 0.368  ( - ) „s s e
5-s
Having found n , th e  v a lu e  o f IT i s  o b ta in ed  by p lo t t i n g  a g raph 
1-nof
In  ~ — * a g a in s t  0  .
—
T his g iv e s  a s t r a ig h t  l i n e  of slope  —^  .
RTs
Horowitz and M etzger d id  n o t t e s t  t h i s  method f o r  r e a c t io n s  of f r a c t i o n a l  
o rd e r .
In  th e  p re s e n t  work, th e  method of Freeman and C a r ro l l  was t r i e d  
f i r s t  and found to  be r a th e r  u n s a t i s f a c to r y .  I t  cou ld  o n ly  be a p p lie d  to  
a very  sm all p o r t io n  o f  th e  decom position curve and the  v a lu e s  o f n o b ta in ed  
vfere v e ry  v a r ia b le  and d id  n o t appear to  have any p h y s ic a l s ig n ificance®  
O ther w orkers have found a s im i la r  r e s u l t  w ith  a number of w ide ly  d i f f e r in g  
su b stan ces  [138 , 141, 1 5 0 ], I t  i s  b e lie v e d  th a t  t h i s  i s  due to  th e  
approx im ation  of th e  d i f f e r e n t i a l  (eq u a tio n  48 ) by f i n i t e  d if f e r e n c e s  
(e q u a tio n  49)* T h is would o n ly  be t ru e  f o r  cu rv es  o f low  c u rv a tu re , 
which are n o t u s u a l ly  o b ta in ed  in  therm al deco m p o sitio n s . F urtherm ore , 
th e  d e te rm in a tio n  o f th e  d if f e r e n c e s  i s  no t an acc u ra te  p ro ced u re . The 
method o f  Doyle d e sc rib e d  above i s  n o t e a s i ly  a p p lic a b le  to  re a c t io n s o f
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unknown o rd e r and none o f the  methods d e sc rib e d  a re  a p p lic a b le  to  r e a c t io n s  
where n u c le a r  growth i s  r a t e  c o n t r o l l in g .  The method of de term in ing  th e  
o rd e r o f r e a c t io n  g iv en  by Horowitz and M etzger co u ld  n o t be a p p lie d  in  
the  p re s e n t  case  as th e  s o l id  re s id u e s  adsorb th e  w ater l ib e r a te d ,  p roducing  
a f a l s e  p o in t  o f in flex io n s- Such a phenomenon has been  no ted  by p rev io u s  
w orkers on e .g , ,  magnesium hydroxide [ 103] ,  which su g g es ts  th a t  th e  method 
i s  p ro b ab ly  o f l i t t l e  u se  i n  s o l id  decom position  s tu d ie s ,
2 .2 , P re se n t methods
In  t h i s  s e c t io n , e q u a tio n s  a re  d e r iv e d  w ith  b o th  an i n t e r f a c i a l  
re a c t io n  and n u c le a r  growth as th e  r a te  c o n tro l l in g  s te p s , A method i s  
d e sc rib e d  f o r  f in d in g  E when th e  o rd e r of re a c t io n  i s  known and son© 
methods of f in d in g  t h i s  a re  in v e s t ig a te d .  The approxim ate in te g r a t io n  
method given  by Doyle has been used  th ro u g h o u t as i t  i s  co n s id e re d  th a t  
i t s  use does n o t in tro d u c e  a s ig n i f ic a n t  e r ro r  as compared to  o th e r  ap p rox i­
m ations v/hich a re  more co m p lica ted .
In  the  case where an i n t e r f a c i a l  r e a c t io n  i s  r a t e  c o n t r o l l in g ,  th e  
ex p re ss io n  to  be in te g r a te d  i s  e q u a tio n  (5 0 ) . Using D oyle’s approx im ation  
t h i s  becomes :
(68)
I f  we ta k e  any two p o in ts  (a ^ , T^) and (ct^, on th e  thermogram and
s u b s t i tu te  in  e q u a tio n  (68) f o r  them b o th , then  ta k in g  th e
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lo g a rith m  of th e  r a t i o  o f th e se  e q u a tio n s  g iv e s  :
vl-n
In
1 -  ( l - a 2)T=n T. R  \  T,
(69)
JKHence i f  n i s  known, E can be c a lc u la te d .
I f  we ta k e  N p o in ts  on th e  cu rv e , ta k in g  them two a t a tim e , th i s
N l 55
w i l l  g ive  2 ( ^ - 2 ) 1 va-^ ues ® which w i l l ,  i n  g e n e ra l, be
d i s t r ib u te d  about a mean v a lu e . By in c re a s in g  N, th e  mean w i l l  be more
c lo s e ly  d e f in e d .
Under is o th e rm a l c o n d itio n s , th e  b eh av io u r of a  system  in  virhich 
n u c le a r  growth i s  th e  r a t e  c o n tr o l l in g  p ro ce ss  may be exp ressed  by th e  
T opo k in etic  e q u a tio n  j
a  = 1 -  exp ( - k tn ) • • • (39)
D if f e r e n t ia t io n  o f t h i s  g iv es  :
da
d t = nk n £- I n ( l - a )  ]  "  ( l  -  a )  . . .  (70)
Making th e  a p p ro p ria te  s u b s t i tu t io n s  f o r  n o n -iso th e rm a l c o n d itio n s  and 
re a rra n g in g  g iv es  :
d a   a _  / —js I .air*
[ - l n ( l - a ) ] 1 / n ( l - a )
k  exp ( £ .  U .
W t  J
The le f t - h a n d  s id e  o f t h i s  may be w r i t t e n  as :
1-1/n[ - ln ( l - a ) ]
(72)
This a llow s the in te g r a tio n  of equation ( 7 l )  to g ive  ;
r ,  / ,  i , l / n  A -RT2 ( -E* \ n [ -  l n ( l - a ) ]  = — -  e x p ^ g j  ! . . .  (73)
aE
Using th e  p re v io u s  techn ique  o f  comparing p o in ts  on th e  same curve , 
we f in d  th a t  t
r-lna-cO  1 T E* (1 1 \
n  ln | = lT (l^ " ’7  j = 2 111 + r  ( T2 " T ) • * (74)
U
3EOnce ag a in , i t  i s  n e c e ssa ry  to  know n b e fo re  E can be c a lc u la te d .  I t  i s  
o f i n t e r e s t  to  apply  th e  method o f Horowitz and I le tzg e r to  t h i s  c a se . I f  
e q u a tio n  ( 7 l )  i s  re a r ra n g e d  and d i f f e r e n t i a t e d ,  then  on app ly ing  th e  con*- 
d i t io n  t h a t
d a
dT I T = Tm
= 0, T_ be ing  the  tem p era tu re  o f
maximum r e a c t io n  r a t e ,  we f in d  :
RT2 ( l - a )m v 'm
-  ( l - l / n )
I n ( l - a ) m
^  . . .  (75)
dT / m
E*Combining t h i s  w ith  e q u a tio n  (70) an<3- s u b s t i tu t in g  f o r  —-s- i n
RT
e q u a tio n  (73) g iv e s , a f t e r  s im p l i f ic a t io n  %
n /  i  « 1 + [ -  In  ( l - a )  ] \  = 1 . . .  (76)I n  m j
T his c o n d itio n  can on ly  be s a t i s f i e d  i f  -  l n ( l~ a ) m = 1* Hence, w hatever 
th e  v a lu e  of n , th e  p o in t  of in f le x io n  o f th e  thermogram w i l l  occur when
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—1( l - a )  = e = O.368  and so* in  t h i s  c ase , th e  method can give no in fo rm a tio n  
on th e  value o f  n*
Freeman [133] has su g g ested  th a t  n may be found by comparing therm o­
grams o b ta in ed  a t  d i f f e r e n t  h e a tin g  r a t e s .  I f  we take  p o in ts  o f th e  same 
tem p era tu re  from  such cu rv es, then  u sin g  e q u a tio n  (73) we g e t ;
I n d - c ^ )  / a 2 \  n
(77)
1
where and a re  th e  v a lu es  o f a  on th e  two cu rv es  f o r  th e  same v a lu e
of T and a^ and a^ a re  th e  two h e a tin g  r a t e s .
Taking lo g a rith m s  :
lo g
l n d - o p
ln ( l~ a 2 )
1% \
n lo g j - — ) . . . (78)
Val /
A s im ila r  method can n o t be a p p lie d  to  r e a c t io n s  follovri-ng eq u a tio n  (68) 
as n cannot be se p a ra te d  from  th e  eq u a tio n .
vs
A method o f f in d in g  ^ in d e p e n d e n t ly  of n h a s  been  su ggested  by 
C o ats  [1 3 1 ]o Thermograms o b ta in e d  a t  d i f f e r e n t  h e a tin g  r a te s  a r e  compared 
f o r  s im ila r  v a lu e s  o f a .  Taking th e  case re p re s e n te d  by eq u a tio n  ( 7 3 ) 9 
a f t e r  some re d u c tio n  we o b ta in  :
where T^ and T^ a re  th e  tem p era tu res  f o r  the  same v a lu e  o f  a  on th e  two 
therm ogram s. Taking lo g a rith m s  :
P robab ly  th e  most s a t i s f a c to r y  method of f in d in g  n i s  by s tu d y in g  
th e  decom position  under iso th e rm a l c o n d itio n s  and t h i s  method has been  
adopted i n  th e  p re s e n t  work. A lthough th e re  may th en  seem l i t t l e  p o in t  
in  de term in in g  th e  a c t i v a t i o n  energy by a n o n -iso th e rm a l method, th e re  
a re , i n  f a c t ,  a number o f adv an tag es  to  t h i s  procedure*
I t  has a lre a d y  been shown th a t ,  p a r t i c u l a r l y  in  th o se  c a se s  where 
an i n t e r f a c i a l  r e a c t io n  i s  r a t e - c o n t r o l l i n g ,  th e  r a t e  c o n s ta n t m easured in  
an iso th e rm a l run  i s  dependent on the  i n i t i a l  r a d iu s  of th e  p a r t i c le s *
As i t  i s  n o t p o s s ib le  to  ensu re  u n ifo rm ity  of p a r t i c l e  s iz e  n o r even a 
c o n s ta n t d i s t r i b u t io n  of p a r t i c l e  s iz e s  i n  a random sam ple, i t  can be seen  
th a t  a  method which can g iv e  from  ju s t  one sample i s  v e ry  u sefu l*
This i s  p a r t i c u l a r l y  so where la r g e  b a tch e s  o f a compound cannot be p re ­
pared  and k e p t due to  i n s t a b i l i t y .  The method i s  a lso  o f use f o r  s o l id s  
which undergo co n s id e ra b le  r e a c t io n  w h i ls t  be ing  r a is e d  to  th e  tem p era tu re  
of an iso th e rm a l decom position*
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S E C T I O N  3
EXPMIMENTAL
5.1» Preparation o f m ater ia ls
Due to  i t s  extrem e ease  o f o x id a tio n , th e  p re p a ra t io n  o f pure 
dry f e r ro u s  hydroxide r e q u ir e s  th e  use o f  c a r e f u l ly  deoxygenated s o lu t io n s  
and im poses c e r t a in  m an ip u la tiv e  problem s, i n  p a r t i c u l a r ,  f i l t r a t i o n ,  
dry ing  and th e  subsequent t r a n s f e r  o f  a s u i ta b le  q u a n ti ty  o f the s o l id  
to  th e  a p p ara tu s  i n  which i t s  decom position  i s  to  be s tu d ie d . To overcome 
th ese  problem s a system  was c o n s tru c te d  which enab led  m an ip u la tio n s  to  be 
c a r r ie d  o u t i n  vacuo o r under n i tro g e n . The o r ig in a l  design  was due to  
Corwin and Erdman [152] who s tu d ie d  a s e r i e s  o f s y n th e t ic  f e r ro u s  p o r­
p h y rin s , b u t  i t  has been developed to  i t s  p re s e n t  form  by toy Larkworthy[ I 53] 
in  a  number o f  in v e s t ig a t io n s  o f  o x id iz a b le  m e ta l com plexes. The b a s ic  
network i s  shown in  P ig . 2 and th e  a n c i l la r y  equipm ent in  P ig s . 3 and
P u r i f ie d  n i tro g e n  i s  o b ta in ed  from  commercial o xygen-free  n i t r o g e n  
using  methods d e sc r ib e d  by Dodd and Robinson [154]* The gas i s  f i r s t  
passed  ov er f in e ly  d iv id e d  copper h e a te d  to  about 200°C and th en  b u b b led  
through a  s o lu t io n  o f chromous su lp h a te  s tan d in g  over amalgamated z in c ,
A d e s ig n  o f  b u b b la^ is  used  which e n su res  good c o n ta c t betw een th e  gas and 
the s o lu t io n .  The gas i s  th en  p a sse d  th rough  c o n c e n tra te d  su lp h u ric  a c id  
and, i f  n e ce ssa ry , d r ie d  w ith  magnesium p e rc h lo ra te .  The su lp h u ric  a c id  
removes im p u r i t ie s  from  th e  gas produced by im p u r it ie s  i n  th e  z in c .
A ll  s o lu t io n s  a re  p re p a red  and p r e c ip i t a t e s  washed w ith  deoxygenated
-  6 8  -
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Yirater obtained by re flu x in g  con d u ctiv ity  water fo r  a number o f hours w ith  a,
co n s ta n t stream  o f p u r i f i e d  n itro g e n  p a ss in g  th rough i t .  T his w a te r i s  
t r a n s f e r r e d  to  th e  r e s e r v o i r  A ( F ig .2) under a p re s su re  o f  n itro g e n  and i s  
f u r th e r  b o i le d  o u t under vacuum.
The assem bly shoYm. in  F ig .3 i s  a tta c h e d  to  th e  l i n e  a t  th e  j o i n t  B 
w ith  th e  v e s s e l  S upperm ost. The f l a s k  D c o n ta in s  th e  i ro n  compound used  
as a s t a r t in g  m a te r ia l  and  in  E th e re  i s  an excess o f s o l id  sodium hydro­
x id e . A ll  oxygen i s  removed from  th e  ap p ara tu s  by re -e v a c u a tin g  and 
f i l l i n g  Y?ith n i tro g e n  a t  l e a s t  th re e  tim e s . The ap p ara tu s  i s  th en  eva­
cu a ted  once more and ta p  8 opened, when w a ter flow s in to  th e  v e s s e l  A. "When 
a s u i ta b le  q u a n ti ty  has p a ssed  in ,  ta p  8 i s  c lo se d  and th e  a p p a ra tu s  r e ­
evacuated . D uring th e se  o p e ra tio n s  ta p s  6 and 7 a re  c lo se d  and th e  
n itro g e n  p a sse s  in to  the atm osphere by means o f  th e  ta p  9» To f i l l  the  
ap p ara tu s  w ith  n i tro g e n , ta p  2 i s  c lo se d  and ta p  1 opened s lo w ly . When 
th e re  i s  l i q u i d  in  A, tap  3 must be open, o r e ls e  th e  l iq u id  i s  fo rc e d  
ac ro ss  to  I) o r E0 An a l t e r n a t iv e  and s l i g h t ly  more co n v en ien t way o f 
fo rc in g  th e  l i q u i d  a c ro s s  i s  to  c lo se  ta p s  3 and. 9 and then  to  open ta p  7 
slow ly . To p re p a re  th e  f e r r o u s  s o lu t io n , Y/hen th e  ap p ara tu s  i s  ev acu a ted  
tap s  13 and 14 a re  c lo se d  and th e  above p ro ced u re  fo llo w ed . The p re s su re  
i s  b rough t up to  atm ospheric  and tap  11 c lo s e d . The assem bly i s  th en  ro ­
t a t e d  about j o i n t  B and th e  sequence o f o p e ra tio n s  re p e a te d , ex cep t th a t  
a f t e r  fo rc in g  th e  w a ter a c r o s s ,  ta p s  12 and 14 a re  c lo se d  le a v in g  a vacuum 
in  E0 The s o lu t io n s  are mixed by  opening ta p  11 . Tap 13 i s  c lo se d  and th e
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p re s su re  i n  E b rough t up to  a tm o sp h eric . The assem bly i s  r o ta te d  abou t 
13 once more and D and ta p  11 detached,, The assem bly shovm in  F ig ,4  i s  
th e n  a tta c h e d  to  F . The f i l t r a t e  i s  c o l le c te d  i n  a  f l a s k  f i t t e d  w ith  a 
s id e -a rm  and ta p  ?\rhich i s  a t ta c h e d  to  th e  bottom  o f th e  assem bly and connec­
te d  to  th e  3~way ta p  10 , This a llo w s a n eg a tiv e  p re s su re  to  be m a in ta in ed  
in  th e  f i l t r a t i o n  a p p a ra tu s .
F i l t r a t i o n  i s  c a r r ie d  o u t w ith  a n e g a tiv e  p re s su re  o f o n ly  a few 
c e n tim e tre s , o th e rw ise  th e  f i l t e r  papers  become c logged . The a c tu a l f i l t e r  
medium used  i s  Whatman No® 54 paper supported  on a s in te r e d  g la s s  d is c .
Being hardened , th i s  does n o t contam inate  th e  s o l id  w ith  p ap er f i b r e s ,  A 
coarse  g rade  o f paper must be used  as th e  p r e c ip i t a t e  i s  somewhat g e la t in o u s  
and r a p id ly  c lo g s  f i n e r  ones, as i t  does g la s s  s in te r s  which virould o th erw ise  
be p r e f e r a b le .  The p r e c ip i t a t e  i s  washed w ith  d eoxygenated w a te r i n t r o ­
duced in to  A and fo rc e d  a c ro s s  u s in g  the  sequence o f o p e ra tio n s  p re v io u s ly  
d e sc r ib e d . A  l i t t l e  w a ter i s  l e f t  on the  p r e c i p i t a t e ,  the  f i l t r a t i o n  
a p p ara tu s  d e tach ed  from  th e  l in e  and shaken to  form  a s lu r r y  o f th e  p re ­
c ip i t a t e  vtfhich i s  th en  poured  in to  th e  s id e  tu b e . This i s  th en  detached  
and th e  w a te r  removed by pumping o u t th rough  a t r a p  coo led  in  e i t h e r  
C02“ a^cok ° l  o r  l i q u i d  air®
Some o f th e  methods d e sc r ib e d  i n  th e  l i t e r a t u r e  f o r  p re p a r in g  pure 
fe r ro u s  hydroxide a re  n o t s u i te d  to  t h i s  a p p a ra tu s , e .g .  th a t  o f B au d isch [36] 
which n e c e s s i ta te s  th e  use o f  la rg e  volumes o f s o lu t io n  to  o b ta in  a r e l a t i v e ­
ly  sm all y i e ld  o f f e r r o u s  hydroxide®
I n i t i a l l y ,  our p re p a ra t io n s  were c a r r ie d  ou t u s in g  f r e s h  "AnalaE.11 
fe r ro u s  su lp h a te  and sodium hydrox ide . This gave a s l i g h t l y  g reen  p r e c i ­
p i t a t e ,  presum ably due to  t r a c e s  o f f e r r i c  i r o n  in  th e  f e r ro u s  su lp h a te . 
A ttem pts were made to  reduce  t h i s  to  the  fe r ro u s  form by adding a  q u a n ti ty  
of iro n  w ire  and su lp h u ric  a c id  to  th e  f e r ro u s  s u lp h a te . However, th e  
p roduct o b ta in e d  decomposed spo n tan eo u sly . T his must have been  due to  
im p u r i t ie s  from  the i r o n  which caused  th e  S ch ik o rr r e a c t io n  to  occur® 
R eduction w ith  su lp h u r d io x id e  proved e q u a lly  u n s a t i s f a c to r y .  To reduce 
co n tam in a tio n  by c a rb o n a te , a ttem p ts  were made to  p rep a re  sodium hydrox ide 
so lu tio n s  from  sodium amalgam. T his ag a in  gave a p ro d u c t which decomposed 
spon taneously , due in  t h i s  case  e i t h e r  to  im p u r i t ie s  in  th e  sodium o r , 
more p ro b a b ly , to  t r a c e s  o f m ercury in tro d u c e d  during  m an ip u la tio n  o f  th e  
solutions®
S a t i s f a c to r y  r e s u l t s  were o b ta in e d  u s in g  A.R® sodium hydroxide 
p e l l e t s  which w ere f r e e d  from  sodium carbonate  by washing q u ick ly  w ith  de— 
oxygenated w a te r . F e rro u s ethylenecLiamine su lp h a te  (O esper’s S a l t )  was 
used as th e  source of fe r ro u s  iron® T his compound can e a s i ly  be p re p a red  
in  a h ig h  s t a t e  o f  p u r i ty  [155] an& i s  very  s ta b le  in  th e  s o l id  state®  A 
f r e s h ly  p re p a red  sample gave a n eg a tiv e  t e s t  f o r  f e r r i c  i r o n  w ith  th io c y a n -  
a te  and a sample p re p a red  i n  th e se  l a b o r a to r ie s  s ix  y e a rs  ago co n ta in ed  l e s s  
f e r r i c  i r o n  th an  a f r e s h  specimen o f A.R. f e r ro u s  su lp h a te  which i s  s t a t e d  
to  c o n ta in  n o t more th a n  0 ,025^ F e ( l l l ) .
The p ro d u c t o b ta in e d  from  th e se  m a te r ia ls  wTas alm ost w hite  w ith  a  v e ry
s l i g h t  g rey -g reen  t in g e  when d ry e I t  was s ta b le  under th e  s o lu t io n  in  
which i t  was p re p a red , no v i s ib le  change o ccu rrin g  over a p e rio d  o f about 
one month. A ll p re p a ra t io n s  w e r e  c a r r ie d  out u s in g  s o lu t io n s  of equal 
s tre n g th  a t  s im i la r  te m p e ra tu re s . By t h i s  means i t  was hoped to  secure  
as uniform  a p a r t i c l e  s iz e  as p o s s ib le  in  th e  d i f f e r e n t  p re p a ra t io n s .  The 
u su a l amounts o f re a g e n t were fe r ro u s  e thy lened iam ine  su lp h a te  (3 g . ) d i s s ­
o lved  in  c a 0 5 0  mis® w a te r  and sodium hydroxide ( l  g . )  d is so lv e d  i n  100 mis® 
w a ter.
,3 .1 .2 .  C obaltous hydroxide
Like f e r ro u s  h y d ro x id e , t h i s  compound i s  r e a d i ly  o x id iz e d  in  s o lu t io n  
and must be p rep a red  u sin g  deoxygenated s o lu t io n s  in  an i n e r t  atm osphere* 
A ccord ing ly  i t  was p re p a red  u s in g  th e  ap p a ra tu s  d e sc r ib e d  i n  th e  p re v io u s  
section®
The s t a r t i n g  m a te r ia ls  used  were "AnalaE.” co b a lto u s  c h lo r id e  and 
sodium hy d ro x id e . The hydroxide was p u r i f i e d  and s o lu t io n s  p re p a re d  as 
p re v io u s ly  d e sc r ib e d . C obaltous hydroxide was o b ta in e d  as a  b lu e  p r e c ip i ­
t a t e  which r a p id ly  changed in to  th e  more s ta b le  p in k  form . I f  s o lu tio n s  
were n o t f r e e  from  osygen, a  dark  green  p r e c ip i t a t e  was o b ta in e d  o f the 
com position  4  ColIOH)^,CoO.OH [ 156] .  The p r e c ip i t a t e  was no t so g e la t in o u s  
as fe r ro u s  hydrox ide and w a s  f i l t e r e d  u sin g  a No.4  s in t e r  sea le d  in to  a  
g la s s  tube  w ith  B .14 cones a t  each  end. T h is re p la c e d  th e  f i l t e r  a p p a ra tu s  
used f o r  f e r ro u s  h y d ro x id e . A f te r  washing w ith  deoxygenated w a te r , th e
co b a lto u s  hydroxide was d r ie d  on the  s in t e r  by pumping o u t th rough a t r a p  
coo led  in  l iq u id  a i r ,  I t  was th en  s to re d  under n i t ro g e n . However, a l ­
though o x id iz e d  p ro d u c ts  were o b ta in ed  i f  oxygen was p re s e n t  during  th e  
p re p a ra t io n , once i t  was d ry , t h e  co b a lto u s  hydroxide appeared  to  be s ta b le  
in  th e  atm osphere and no v i s ib le  change o ccu rred  in  a sample over a p e r io d  
o f some w eeks. There was no evidence o f the  p resence  o f h ig h e r o x id a tio n  
s t a t e s  o f c o b a lt when t h i s  sample ?/as d is so lv e d  in  d i lu te  a c id ,
3.1,3® N ic k e lic  hydroxide
T his compound i s  s ta b le  and can  on ly  be o x id iz e d  w ith  d i f f i c u l t y .  
Hence, th e re  was no need to  c a r r y  o u t p re p a ra t io n s  in  th e  absence of oxygen* 
Two e s s e n t i a l ly  d i f f e r e n t  methods o f p re p a ra t io n  were used .
The f i r s t  was a simple p re p a ra t io n  u s in g  sodium hydroxide and n ic k e l 
n i t r a t e ,  A m olar n ic k e l  n i t r a t e  s o lu t io n  (500 m is ,)  was h e a te d  to  b o i l in g  
p o in t and a b o i l in g  s o lu t io n  o f sodium hydroxide (500 m is , ) was added w ith  
c o n s ta n t s t i r r i n g .  The sodium hydroxide s o lu tio n  was a B0D0H0 c a rb o n a te -  
f r e e  v o lu m e tric  s o lu t io n  o f e x a c t ly  normal s tre n g th . The r e s u l t in g  su s­
pension  was b o i le d  f o r  f iv e  m inu tes and l e f t  to  s tan d . The p r e c ip i t a t e  was 
c e n tr ifu g e d  and washed w ith  s e v e ra l  l i t r e s  o f c o n d u c tiv ity  w a te r . The 
n ic k e l hydroxide was f i n a l l y  d r ie d  in  a i r  a t  120°C o r  over phosphorous 
pen tox ide a t  room te m p e ra tu re . In  bo th  c a se s , th e  f i n a l  p ro d u c t was ground 
and s iev ed  in to  s iz e  f r a c t io n s  o f  80-100 mesh and <1 100 mesh. The t r u e  
p a r t i c l e  s iz e  was alm ost c e r t a in ly  l e s s  th a n  10 cms0, as judged by th e
-75-
r a t e  o f s e t t l i n g  when f i r s t  p r e c ip i t a t e d .
The second method in v o lv ed  th e  fo rm atio n  o f a  n ic k e l  amrnine complex 
and i t s  subsequent decom position  by b o i l in g ,  "AnalaR" n ic k e l  n i t r a t e  (30 g„)
was d is so lv e d  i n  4-00 m l. c o n d u c tiv ity  w a te r and s u f f i c i e n t  c o n c e n tra te d
2+
ammonia added to  give a -c o n c e n tra tio n  e q u iv a le n t  to  [ Ni(NH^)g] . The re** 
s u i t in g  deep b lu e  s o lu t io n  was b o i le d ,  form ing a f in e  g reen  p r e c ip i t a t e  
which s e t t l e d  o u t r e a d i ly ,  u n lik e  th e  g e la t in o u s  p r e c ip i t a t e s  o b ta in e d  in  
th e  p rev io u s  p re p a ra t io n . The p r e c ip i t a t e  was washed se v e ra l tim es by 
d e c a n ta tio n , f i l t e r e d ,  washed ag a in  and f i n a l l y  d r ie d  in  vacuo over phos*** 
phor^us pen tox ide*  The p roduct was a p a le r  g reen  th a n  the  samples
made by p r e c ip i t a t io n  w ith  sodium hydrox ide . Exam ination under a micro~ 
scope showed th a t  th e  p r e c ip i t a t e  was p ro b ab ly  c r y s ta l l in e  and approxim ate 
measurements gave a p a r t i c l e  s iz e  o f  the  o rd e r  o f  10 cms.
3*2. A n a ly tic a l  Methods
3 .2 .1 .  D e term in atio n  of th e  p u r i ty  of th e  hydroxides 
. As most of the  sim ple hyd ro x id es  r e t a i n  s iz e a b le  b u t v a r ia b le  
amounts o f ex cess  w a ter a t  room tem peratu re  and even a t  100°, i t  i s  n o t 
p o s s ib le  to  an alyze  them d i r e c t l y .  The b e s t  method i s  p ro b ab ly  to  h e a t 
them and fo llo w  th e  changes in  w e ig h t as th e  te m p e ra tu re  in c r e a s e s .  This 
method cou ld  n o t be a p p lie d  to  f e r ro u s  hydroxide due to  i t s  extrem e ease  of 
o x id a tio n .
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The most co n v en ien t way of c a r ry in g  ou t such s tu d ie s  i s  to  use an 
au tom atic  re c o rd in g  therm obalance such as th e  S tan to n  HTD-1. This i n s t r u ­
ment and the  method o f u s in g  i t  are  b r i e f l y  d e sc rib e d  i n  S e c tio n  3*2.2*
Using t h i s  in s tru m e n t, i t  i s  r e a d i ly  seen when the  su rp lu s  w a ter has been 
l o s t  and so a  t ru e  w eigh t o f compound can be o b ta in e d . I f  th e  sample 
tem p era tu re  i s  th e n  r a i s e d  u n t i l  no f u r th e r  Treight i s  l o s t ,  th e n  th e  p u r i ty  
o f th e  hydroxide can  be e s tim a te d  from  the  w eight l o s s .  This method can 
only be a p p lie d  to  n ic k e l  hydroxide as on ly  i n  t h i s  case does th e  p ro d u c t 
have a d e f in i te  com position  (NiO). W ith b o th  i r o n  and c o b a l t ,  even in  
vacuo, th e re  i s  a  tendency  to  form  mixed o x ides and th e  method i s  u n re lia b le *
3 * 2 .2 . D eterm ination  o f n ic k e l  in  r e a c t io n  p ro d u c ts  
The decom position  o f n ic k e l  hydroxide a t  m oderate te m p e ra tu re s , e .g .  
300°C produces a  b la ck  s o l id .  Samples o f t h i s  (0 .0 6  g .)  were d is s o lv e d  in  
th e  minimum q u a n ti ty  o f  d i lu te  HC1 and the  s o lu t io n  b o i le d  to  ex p e l th e  
c h lo r in e  l i b e r a t e d .  The r e s u l t in g  s o lu tio n  was th en  d i lu te d  to  200 m l. and 
the  n ic k e l p r e c ip i t a t e d  and e s tim a te d  as th e  dime th y  lg ly o x im ate  u s in g  th e  
method d e sc rib e d  by Vogel [157]*
3 .2 ,3 .  D e term ination  o f c o b a l t  in  r e a c t io n  p ro d u c ts  
H eating  c o b a l t  hydroxide i n  an au to c lav e  a t  300°C gave a khak i 
co loured  p ro d u c t. Samples o f t h i s  (0 .02  g . ) were d is so lv e d  in  th e  minimum 
q u a n tity  o f d i l u t e  su lp h u ric  a c id , and th e  s o lu t io n  d i lu te d  to  30 m is.
T his s o lu t io n  was t i t r a t e d u s i i ig  0 .01  M E .D .T ,A , -with X ylenol Orange as 
in d ic a to r ,  u sing  th e  p rocedure  d e sc r ib e d  by V o g e l  [1 5 8 ] ,
3 .2 ,4 *  D eterm in a tio n  of sodium im p u rity
The amount of sodium im p u rity  i n  n ic k e l  hydrox ide specim ens was de­
te rm ined  by means o f an EEL flam e photom eter. The in s tru m e n t was c a l ib r a t e d
using  a s e r ie s  o f s o lu t io n s  c o n ta in in g  n ic k e l  and sodium in  th e  r a t i o s  ex -
4peacted in  th e  compound. These s o lu tio n s  c o n ta in ed  betw een 4  p a r t s  i n  10 
5
and 1 p a r t  i n  10 o f sodium. About 1 g , o f th e  n ic k e l  hydroxide sample was
d is so lv e d  in  th e  minimum q u a n tity  o f d i lu te  n i t r i c  a c id  and th e  s o lu t io n
made up to  100 m is, w ith  w a te r . The sodium c o n te n t o f t h i s  s o lu t io n  was 
found usin g  th e  c a l i b r a t io n  curve p re v io u s ly  o b ta in e d . F u l le r  d e t a i l s  o f 
th e se  te ch n iq u es  a re  g iv en  by Vogel [139]«
3*2.5* D eterm ination  o f th e  com position  of a mixed i r o n  oxide
I t  was n e ce ssa ry  to  determ ine  the  p e rc en ta g e  o f a-FegO^
in  a s o l id  b e lie v e d  to  c o n ta in  b o th . O rd inary  a n a ly t ic a l  methods would 
n o t have been  v e ry  s a t i s f a c to r y  as th e  iro n  c o n ten t of ar-FegO^ i s  69*i9$
and th a t  o f  Fe^O i s  72,4/^* Only sm all q u a n t i t ie s  were a v a ila b le  and
fu rth e rm o re , th e  s o l id  m ight have co n ta in ed  some w a te r .
To o b ta in  an id e a  o f  th e  p ro p o r tio n s  o f each , X -ray powder photo­
graphs were tak en  o f th e  mixed oxide and sam ples known to  be pure
a-F eo0 , and Fe_0. ,  The a -F e_0 , was p re p a re d  by th e  i g n i t io n  o f f e r r i c  _
2 3 3 4 2 3
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n i t r a t e  i n  a i r  a t  a b r ig h t  r e d -h e a t  and the  was p ro v id ed  by Dr. &« A*
H o rs fa l l  o f th e  Chemical E ng ineering  Department o f t h i s  College* From the
r e l a t i v e  i n t e n s i t i e s  of th e  l i n e s  on th e  powder pho to g rap h s, th e  p ro p o r tio n s
of each oxide in  t  he m ix ture  were e s tim a te d . As th e  pho tographs were taken
using  Cu -  Ka r a d ia t io n  i t  was n o t p o s s ib le  to  d is t in g u is h  between
and v ~ F e o 0  which have v ery  s im ila r  l a t t i c e  sp ac in g s . However, i t  was 2 o
u n lik e ly  on chem ical grounds t h a t  y~^e 2^3 wou- ^  have been p re s e n t .
To d e te rm in e  th e  p resen ce  o f  w ater an d /o r hydroxy l io n s , a  number o f 
i n f r a - r e d  s p e c tra  were taken  of n ic k e l  hydroxide and th e  p roduct a t  v a rio u s  
s tag e s  of i t s  decom position . The samples were p re p a red  as N ujo l m u lls  and 
the  s p e c tra  recorded, in  the  ranges 2 .5  to  3-75}-i and 5 to  lO p. A Grubb 
P arsons double beam sp ec tro m e te r, model GS2A w a s  used*
3o3. The d e te rm in a tio n  o f k in e t i c  d a ta
3-2*1 . P re s su re  m easurements
The id e a l  method o f fo llo w in g  th e  k in e t i c s  o f a decom position  where 
one o r  more o f  the  p ro d u c ts  i s  gaseous i s  to  measure th e  change o f w eight 
as th e  r e a c t io n  proceeds* However, w ith  fe r ro u s  hydrox ide , such a method 
poses m an ip u la tiv e  problem s o f a h ig h  o rd e r and so i t  w a s  dec ided  to  fo llo w  
th e  r e a c t io n  by m easuring th e  in c re a s e  o f p re s s u re  i n  a c lo se d  system .
T h is  can be done by two p ro ced u res , th e  f i r s t  o f which i s  to  l e t  th e
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re a c t io n  p ro d u c ts  accum ulate , t h e i r  t o t a l  p re s su re  be ing  m easured a t  s u i ta b le  
in t e r v a l s .  The a l t e r n a t iv e  method i s  to  measure th e  r a t e  a t  which th e  
p re ssu re  i s  in c re a s in g  a t  a p a r t i c u l a r  i n s t a n t  o f tim e . T his i s  most con­
ven ien tly  c a r r ie d  out by c o n tin u o u s ly  e v a c u a tin g  the  a p p ara tu s  and then  a t  
some tim e t ,  c u t t in g  o f f  th e  pump, th u s  a llo w in g  th e  p re s su re  to  b u i ld  up 
f o r ,  say, 30 seconds, depending on the  r a t e  o f the  r e a c t io n .  This p re s su re  
i s  m easured, th e  system  re -e v a c u a te d  and th e  p ro cess  re p e a te d  a t s u ita b le  
tim e i n t e r v a l s .  T h is g iv e s  a (d p /d t)  v e rsu s  t  graph which must be i n t e ­
g ra te d  to  g ive th e  re q u ire d  p v e rsu s  t  graph g iv en  d i r e c t ly  by the  f i r s t  
method. In  many c a s e s , however, th e  second method i s  more v a lu a b le  as th e  
p re s su re  can be m easured by a s e n s i t iv e  gauge, such as a McLeod. The sm all 
p re s su re  of th e  gaseous re a c t io n  p roduct w i l l  n o t produce any back re a c t io n s  
betw een th e  p ro d u c ts  which m ight occur i f  l a r g e r  q u a n t i t ie s  o f i t  were 
allow ed to  accum ulate . U n fo rtu n a te ly , such a method cannot be used  w ith  
r e a d i ly  co n d en sib le  vapours, nor w ith  f a s t  r e a c t io n s .  Hence, i n  th e  p re ­
sen t c a se , on ly  th e  f i r s t  method i s  s u i ta b le .
The ap p ara tu s  used  in  shown d ia g ra m a tic a lly  in  F ig .5* The p re s su re
gauge was i n  f a c t  a  m ercury manometer) th e  p re s su re  changes being  m easured 
w ith  a t r a v e l l i n g  m icroscope. Though a manometric f l u i d  o f  low er d e n s i ty  
would have g iven  la r g e r  changes in  l e v e l ,  i t  was c o n sid e red  th a t  th e  
accuracy  of the  mercury manometer was ad eq u a te , and fu r th e rm o re , th e re  
would be no problem s a s s o c ia te d  w ith  o u tg a ss in g  o f  th e  f l u i d .  The
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accuracy  o f a mercury in  g la s s  manometer i s  l im ite d  by th e  tendency o f 
mercury to  s t i c k  to  g lass*  T his was n o t a s e r io u s  e f f e c t  i n  our exper­
im en ts; an o c c a s io n a l ta p  on th e  manometer ensu red  a smooth r i s e  in  p ressu re ,. 
Only sm all p re s s u re s  cou ld  be used , o r  th e  w a ter produced condensed o u t .
The p re s su re  m easured depended oa am bient tem p era tu re , which in  most cases  
rem ained s e n s ib ly  c o n s ta n t du ring  the  cou rse  of a run* In  o th e r  c a se s , 
c o r re c t io n s  were e a s i ly  a p p lie d . The p re s s u re s  w ere n o t dependent on a t ­
m ospheric p re s s u re  as a c lo se d  manometer was used* The sample was h e a te d  
i n  a tu b u la r  fu rn ace  c o n tro l le d  by v a r ia b le  tra n s fo rm e r . The fu rn ace  was 
c o n s tru c te d  from  a g la s s  tu b e  c a . 25 cms. lo n g  an d  of d iam eter 3 cms.
About 6 la y e r s  o f  wet a sb e s to s  were wound on t h i s ,  fo llo w ed  by the  h e a tin g  
e lem ent. T h is c o n s is te d  o f nichrom e w ire whose r e s is ta n c e  was 9 ohms p er 
f o o t ;  about 10 f e e t  were used . T his was ground p ro g re s s iv e ly  c lo s e r  to ­
wards th e  ends o f th e  tube  i n  o rd e r to  make th e  zone of un iform  tem peratu re  
as g re a t as p o s s ib le .  The h e a tin g  elem ent w a s  covered  w ith  s e v e ra l  la y e r s  
of wet a sb e s to s  p ap er, a sb e s to s  s t r in g  and f i n a l l y  more la y e r s  o f the  wet 
p ap er. E l e c t r i c a l  co n n ec tio n s  were made to  m eta l p la te s  clamped round 
th e  tu b e . The whole assembly was d r ie d  in  an oven a t  120°C. The use 
o f wet a sb e s to s  p aper e n su res  t h a t  the  h e a tin g  elem ent i s  y /e ll embedded and 
i t s  se lf-b o n d in g  a c t io n  means t h a t  no o u te r  c a s in g  i s  r e q u ire d .
The fu rn ace  was connected  in  s e r ie s  w ith  a  33 ohm heavy duty  r e s i s ­
tan ce  so t h a t  th e  v o lta g e  re q u ire d  from the  tra n sfo rm e r was n o t too  low when 
the fu rn ace  was a t  o p e ra tin g  te m p e ra tu re s . The te m p e ra tu res  produced by
v a rio u s  tra n sfo rm e r s e t t in g s  were determ ined  as a rough g u id e , th e  a c tu a l  
tem p era tu re  du ring  a decom position  experim ent being  de term in ed  independen tly ,,
3 . 3. 2 . W eight lo s s  methods in  a i r
The decom position o f n ic k e l hydroxide in  a i r  was s tu d ie d  u sin g  a 
S tan to n  autom atic  re c o rd in g  therm obalance, model HTD-1* T his w i l l  re c o rd  
changes i n  sample w eigh t o f up to  0 .1  g . on a c h a r t  c a l ib r a t e d  in  d e c im i l l i— 
grams, w ith o u t r e s e t t i n g .  The fu rn ace  tem pera tu re  a t  a  p o in t  c lo se  to  th e  
sample i s  reco rd ed  s im u ltan eo u sly  on th e  same c h a r t  as th e  w eight change.
The tem pera tu re  c o n tro l  system  i s  desig n ed  so th a t  th e  fu rn ac e  can be h e ld  
a t  a s tea d y  te m p e ra tu re  o r th e  tem p era tu re  can be in c re a s e d  a t  a l i n e a r  
p red e term in ed  r a t e .  W ith t h i s  p a r t i c u l a r  in s tru m e n t, th e se  r a t e s  v a r ie d  
betw een 1° and 6°C p e r  m inute . A tim e s c a le  i s  p ro v id ed  on th e  c h a r t  by 
th e  w e ig h t re c o rd  pen which makes a tim ing  mark every  5 m inu tes . The 
tem p era tu re  re c o rd  i s  n o t s u f f i c i e n t l y  a c c u ra te  f o r  iso th e rm a l k in e t ic  
s tu d ie s  due to  th e  r e s t r i c t e d  s iz e  o f  the  s c a le  and th e  f a c t  th a t  th e  
tem p era tu re  re c o rd ed  depends on th e  zero in g  of th e  pen on th e  c h a r t  which 
need on ly  be s l i g h t l y  o u t o f a lignm ent to  in tro d u c e  a la rg e  e r r o r  in to  th e  
tem p e ra tu re . In  th e  case o f  n o n -iso th e rm a l s tu d ie s ,  w ith  th e  method used 
f o r  c a lc u la t in g  k in e t i c  d a ta , tem p e ra tu re  d if f e r e n c e s  are more im p o rtan t 
and th e se  can be o b ta in e d  w ith  s u f f i c i e n t  accu racy  by determ in ing  th e  
average h e a tin g  r a t e  over a la rg e  tem p era tu re  ran g e . This in s tru m e n t does 
in  f a c t  g iv e  v e ry  good l i n e a r  tem p era tu re  r i s e s .
The n ic k e l  hydroxide sam ples were h e a te d  i n  sm all p la tin u m  c ru c ib le s  
(Baker P la tin u m ), about 0 .4  g« o f  m a te r ia l  b e in g  used fo r  each ru n . The 
tem p era tu re  was f i r s t  r a i s e d  to  about 150°C and m ain ta in ed  a t  t h i s  va lue  
u n t i l  no f u r th e r  change in  w e ig h t o ccu rred . T h is  ensured  th a t  th e  excess 
w ater was removed. The sam ples were then  h e a te d  p ro g re s s iv e ly  to  about 
700°C, though i n  some cases they  were h ea ted  to  about 1100°C. A number o f 
h e a tin g  r a t e s  w ere used , though most runs were made usin g  a r a t e  o f  2°C p e r 
m inu te . As th e  sample was h e a te d  i n  a i r ,  buoyancy c o r re c t io n s  were 
n e ce ssa ry . These were determ ined  by c a rry in g  ou t a ru n  on a c ru c ib le  con­
ta in in g  an i n e r t  m a te r ia l  such as i g n i t e d .alum ina. The c o r r e c t io n s  d e te r ­
mined from  t h i s  ru n  were a p p lie d  to  a l l  o th e r  m easurem ents.
Iso th e rm a l ru n s  were a lso  c a r r ie d  o u t i n  a  s im ila r  fa s h io n . A fte r  
c o n s ta n t w eight was ach ieved  th e  fu rn ace  tem p era tu re  w a s  r a is e d  ra p id ly  to  
a s u i ta b le  v a lu e  by c o n tin u o u s ly  app ly ing  th e  maximum v o lta g e  to  th e  fu rn a c e . 
This p rocedu re  i s  n o t recommended by th e  m an u fac tu rers  b u t does no harm f o r  
a re a so n a b ly  sm all tem p era tu re  r i s e  a t  r e l a t i v e ly  low fu rn ace  tem p era tu res  
where th e  maximum v o lta g e  used  i s  60 v . However, a t  h igh  tem p era tu res  
i t  m ight damage th e  fu rn a c e  as th e  f u l l  mains v o lta g e  i s  a p p lie d . T his 
power a p p lie d  c o n tin u o u s ly  canno t be d is s ip a te d  r a p id ly  enough and so over­
h e a tin g  o f  th e  w indings w i l l  o ccu r.
3 .3 .3 .  W eight lo s s  methods in  vacuo
To n u l l i f y  th e  e f f e c t  o f r e v e r s ib le  r e a c t io n s  and to  reduce i n t e r ­
fe ren ce  caused  by a d so rp tio n  o f  gaseous p ro d u c ts , i t  i s  u s u a l to  study
decom position  r e a c t io n s  in  vacuo. In  the  case  o f c o b a lto u s  h yd rox ide , t h i s  
i s  e s s e n t i a l ,  f o r  i t  would o x id ize  on h e a tin g  in  a i r .  A la rg e  number of 
b a lan ces  have been d e s ig n e d  f o r  o p e ra tio n  i n  vacuum system s, b u t th e re  a re  
th re e  main ty p e s . These are based  on s p i r a l  s p r in g s , k n ife  edges and 
to r s io n  f i b r e s .
The k n ife  edge type was s e le c te d  as b e in g  th e  most s u i ta b le  on 
account o f i t s  ro b u s tn e ss  combined w ith  s e n s i t i v i t y .  The b a lan c e  was con­
s t r u c te d  in  th e  C hem istry D iv is io n , A0E 0RoE., H arw ell, and th e  a u th o r would 
l ik e  to  thank  M essrs. B« E ridge  and J .  R u tte r  f o r  much p a t i e n t  work and 
e x p e rim en ta tio n . The d esign  i s  shown in  P ig .6 and i s  based  upon t h a t  o f 
G reg g [l6 0 ]. The main d if f e r e n c e  i s  th a t  th e  k n if e  edges are  on th e  beam 
in s te a d  o f th e  su p p o rt. I n s te a d  o f k n ife  edges, sap p h ire  gramophone 
n eed le s  (78 r .p .m * ) Yrere used . These o r ig i n a l ly  r e s te d  in  g la s s  cups, 
b u t c o n s id e ra b le  s c o r in g  o f  th e se  occu rred  and they  Yjere re p la c e d  by f l a t  
p la te s  o f  s a p p h ire . Both n e e d le s  and p la te s  v/ere cemented in  p la c e  Ytfith 
A ra ld i te .  The alignm ent o f  th e  n e ed le s  i s  im p o rtan t and a c c u ra te  s e t t in g  
up was ach ieved  u sin g  a s p e c ia l ly  c o n s tru c te d  j i g ,  The sample i s  suspended 
from one end o f th e  beam and a perm anent magnet from  th e  o th e r .  T h is 
magnet i s  su rrounded by a so le n o id  and changes i n  th e  sample Yfeight a re  
ba lan ced  by a l t e r i n g  th e  c u r re n t  flovd.ng in  th e  c o i l ,  th e  b a lan ce  b e in g  
used as a n u l l - p o in t  in s tru m e n t. The c u rre n t i s  no t m easured d i r e c t ly ;  
the  p o te n t ia l  drop ac ro ss  a  s ta n d a rd  r e s i s ta n c e  b e in g  measured in s te a d .  _
The magnet Yras a c y l in d r ic a l  p ie c e  (5 cm. x  1 cm ,) of ALcomax I I I ,  an a l lo y
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Fig.  6 . — A l l — g l a s s  beam b a l a n c e  .
which i s  n o t s u b je c t to  h y s te r e s i s  e f f e c t s  a t  th e  f i e l d  s tr e n g th s  u sed .
The so len o id  was c o n s tru c te d  o f  a P ax o lin e  c y lin d e r  8 cm. long  by 3 .5  cm. 
in  d iam e te r , on w hich 8 la y e r s  o f 33 S.W.G-. enam elled  copper w ire  were wound® 
This c o i l  was used  in  c o n ju n c tio n  w ith  a 6 v , accum ula to r.
In  s p i te  o f a g re a t d e a l  o f work, i t  d id  n o t prove p o s s ib le  to  o b ta in  
th e  re q u ire d  degree o f s e n s i t i v i t y  w ith  th e  beam b a lan ce  and i t  had to  be 
d isc a rd e d .
Of th e  o th e r  ty p es  of b a lan ce  a v a i la b le ,  th e  sp rin g  type  i s  prefer-® 
ab le  as to r s io n  b a lan ces  are  d i f f i c u l t  to  c o n s tr u c t  and o p e ra te . T h is type  
o f b a lan ce  i s  due to  McBain [ l6 l ] «  The s p i r a l  sp rin g  used i s  g e n e ra l ly  
q u a rtz , phosphor b ronze o r co p p er-b e ry lliu m  a l lo y .  Of th e se  q u a rtz  i s  
p re fe ra b le  as i t s  e l a s t i c  p r o p e r t i e s  a re  n o t so s e n s i t iv e  to  changes i n  
te m p e ra tu re . The q u a rtz  s p i r a l  used in  our b a lan ce  was o b ta in e d  from  The 
Thermal S y n d ica te , L td . and had a maximum lo a d  of 0 ,5  g . ,  a  s e n s i t i v i t y  of 
38 .8  c m ./g a and an ex ten s io n  a t  maximum lo a d  o f 23.6 cms. The sp rin g  was 
observed  w ith  a  c a th e to m e te r re a d in g  to  0 .01  mm. and so w e igh ts  co u ld  
r e a d i ly  be o b ta in e d  w ith  a  p re c is io n  o f 10 ^  g . A lthough th e  s e n s i t i v i t y  
was g iven  by th e  m an u fac tu re rs , th e  sp rin g  was r e c a l ib r a t e d  b e fo re  u se .
The b a lan ce  i s  shown in  F ig .7* The sp rin g  i s  suspended from th e  w inch 
by an 0.0025w d iam eter p la tin u m  w ire  which was a lso  used to  su p p o rt th e  
aluminium f o i l  c r u c ib le .  The system  was ev acu a ted  by a  ’’Speediva c ” model 
0M2 a l l - g l a s s  m ercury d i f f u s io n  pump f i t t e d  w ith  a  l i q u id  n itro g e n  trap*.
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The fu rn ace  was o f th e  same type as th a t  used on th e  S tan ton  therm obalance, 
though b e in g  nichrom e wound, i t s  maximum o p e ra tin g  tem pera tu re  was on ly  
1,000°C* I t  was c o n tro l le d  by a u n i t  from  a therm obalance g iv in g  e i th e r  
c o n s ta n t h e a tin g  r a t e s  o r  a c o n s ta n t tem p e ra tu re . The sample tem p era tu re  
was de te rm in ed  by means o f a s e p a ra te  P t /P t ,  13$ Rh therm ocouple, th e  E.M.F. 
from t h i s  b e in g  m easured w ith  a Pye P re c is io n  P o te n tio m e te r . As th e  appara­
tu s  was c o n s tru c te d  o f Pyrex, the upper l im i t  o f tem p era tu re  was about 
400°Co Had i t  been n e ce ssa ry , a s i l i c a  tube would have en ab led  tem pera­
tu re s  of up to  1 , 000°C to  be u sed .
T h is ba lance  was used  to  in v e s t ig a te  th e  decom position  o f bo th  n ic k e l  
and co b a lto u s  hydrox ides under iso th e rm a l and n o n -iso th e rm a l c o n d itio n s .
The w eigh t o f sample ta k en  was between 0 .1  and 0 .2  g . g iv in g  a t o t a l  w eight 
lo s s  of betw een 0 .02  and Q04- g . I t  i s  d e s i r a b le  th a t  t h i s  should  be f a i r l y  
sm all, o th e rw ise  th e  sample may move out o f th e  zone o f un iform  tem peratu re  
of th e  fu rn a c e . As a l l  ru n s  were c a r r ie d  o u t i n  vacuo, th e re  were of 
course no buoyancy c o r re c t io n s  to  be a p p lie d .
3.4-. H ydrotherm al r e a c t io n s
Some s tu d ie s  of th e  decom position  o f n ic k e l  and c o b a lt  hyd rox ides 
under th e se  c o n d itio n s  were made u s in g  a sm all a u to c la v e . S lu r r ie s  o f  th e se  
compounds c o n ta in ed  in  p la tin u m  c ru c ib le s  were p la ce d  i n  th e  au to c lav e  which 
was f lu s h e d  o u t and th en  p re s s u r iz e d  to  about 100 atm. w ith  n i tro g e n . The 
au toclave  was th e n  h e a te d  to  about 300°C and m ain ta in ed  a t t h i s  tem pera tu re
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f o r  p e r io d s  betw een 2 and 15 h o u rs . ik fte r  c o o lin g , th e  sam ples were 
removed and in v e s t ig a te d  by v a r io u s  methods such as X -ray powder pho to­
graphy, therm ogravim etry  and o rd in a ry  chem ical an a ly s is#
The use  o f  X -ray powder photography as an a n a ly t ic a l  method has 
a lread y  been  m entioned (S e c tio n  3*2#5)* However, i t s  main u ses  in  t h i s  
work were to  in v e s t ig a te  th e  two d i f f e r e n t  p re p a ra t io n s  o f  n ic k e l hydroxide 
and to  t r y  and o b ta in  in fo rm a tio n  on the co u rse  o f th e  decom position  and 
th e  n a tu re  o f  th e  p roducts#
The sam ples used  in  powder photography must have a p a r t i c l e  s iz e
- 4of th e  o rd e r  o f  10 cms# L arg er powders te n d  to  produce sp o tty  p a t te r n s  
and f i n e r  p a r t i c l e s  produce b roaden ing  o f th e  r e f le x io n s .  The specim ens 
?/ere p re p a red  by c o a tin g  Etyrex f i b r e s  w ith  D u ro fix  and r o l l i n g  them in  th e  
powder. These c o a ted  f i b r e s  were c a r e fu l ly  a lig n e d  in  th e  cam eras so 
th a t  no movement about th e  a x i s  o f r o ta t io n  o c cu rred  ?/hen th e y  were r o ta te d  
in  the  X -ray beam. Such movements cause d i s to r t i o n  o f th e  r e f le x io n s .
The cam eras used were th e  P h i l ip s  type of b o th  5 .7 3  cm. and 11 .4^  cm. d iam eter 
The la r g e r  camera was used  7/hen m easurem ents o f l a t t i c e  pa ram ete rs  were to  
be made and the  sm a lle r  camera was used  f o r  i d e n t i f i c a t i o n  p u rp o ses . The 
sm a lle r  camera has th e  ad v an tag e , f o r  t h i s  use, of r e q u ir in g  much s h o r te r  
ex posu res. The exposures g iv en  depended on th e  n a tu re  o f the  sam ple, b u t
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on th e  la rg e  cam era v a r ie d  betw een 2 hours and 16 h o u rs . The s h o r te s t  
exposure was g iven  f o r  a h igh  tem pera tu re  n ic k e l oxide p re p a ra t io n  and 
the  lo n g e s t f o r  a n ic k e l  hydroxide sample p rep a red  by p r e c ip i t a t i o n .
Yiri t h  th e  sm all camera, th e  exposures v a r ie d  betw een 30 m inutes and 2 h o u rs .
F or n ic k e l hyd ro x id e , th e  approxim ate d sp ac ings were m easured 
using  a s p e c ia l  s c a le  (S o lu s -S c h a ll)  and th e  re f le x io n s  a ss ig n e d  u sin g  a 
Bunn C h art [ 1 6 ] ] .  A ccurate  d spac ings were o b ta in e d  from  th e  f i lm s  by 
the  method o f Azarov and B uerger [1&3] th e  v a lu es  o f  th e  l a t t i c e  
p a ram ete rs  c a lc u la te d .  These p a ram ete rs  were determ ined  f o r  bo th  p re ­
p a ra t io n s  o f n ic k e l  hydrox ide  and f o r  some n ic k e l  oxide specim ens. As 
n ic k e l ox ide be longs to  th e  cub ic  system , i t  was n o t n e ce ssa ry  to  use a 
c h a r t  to  a s s ig n  th e  r e f le x io n s .
The measurement o f  the  i n t e n s i t i e s  o f X -ray  r e f le x io n s  from  powder 
photographs p re s e n ts  a number o f problem s, p a r t i c u l a r ly  i f  some o f th e  
l in e s  a re  d i f f u s e ,  as i s  th e  case w ith  n ic k e l  h y d ro x id e . An e a s ie r  and 
more a c c u ra te  p rocedu re  i s  to  use an X -ray d if f r a c to m e te r .  In  t h i s  i n s t r u ­
ment, th e  r e f l e c te d  r a d ia t io n  i s  d e te c te d  by a G-eiger-M ttller c o u n te r  and 
th e  r e s u l t  p re se n te d  as a  co n tinuous curve on a c h a r t ,  to g e th e r  w ith  a 
s c a le  showing th e  angle of th e  r e f le x io n .  The a re a  under a peak on th e  
c h a r t  r e p re s e n ts  th e  i n t e n s i t y  o f  th e  r e f le x io n  and th e  sca le  o f an g les  
en ab les measurement o f  d sp ac in g s  to  be made. The range o f  c h a r t  speeds 
a v a ila b le  a llo w s th e  le n g th  o f  c h a r t  re p re s e n tin g  1° o f ang le  to  be
between and 8 in c h e s , Y/hich en ab les  h ig h ly  a c c u ra te  v a lu e s  to  be o b ta in ed  
fo r  th e  d sp ac in g s .
T races Y/ere made f o r  b o th  p re p a ra t io n s  o f n ic k e l  hydroxide u sing  a 
P h i l ip s  model d if f r a c to m e te r .  In  the  f i r s t  p la c e , th e se  were to  show th e  
p o s i t io n s  of th e  peaks and to  in d ic a te  which of them co u ld  be used  f o r  
i n t e n s i t y  m easurem ents. These peaks were then  s tu d ie d  under g r e a te r  r e ­
s o lu tio n  and the  a re a s  under th e  r e s u l t i n g  cu rv es  measured w ith  a 
p la n im e te r . The r e s u l t in g  m easured i n t e n s i t i e s  ?/ere compared w ith  c a l­
c u la te d  v a lu e s . The i n t e n s i t i e s  a re  o f some i n t e r e s t  as th e re  are 
co n sid e rab le  d is c re p a n c ie s  amongst th o se  re p o r te d  in  the  A.S.T.M . F i l e  
o f X -ray Powder D ata.
The au th o r th an k s Mr. H. E. Pearson  o f th e  C ry s ta llo g ra p h y  S e c tio n  
of t h i s  C ollege  f o r  making th e  t r a c e s  and fo r  adv ice  on t h e i r  i n t e r p r e t a t i o n .
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Using th e  a p p a ra tu s  d e sc rib e d  in  S e c tio n  3»3*1** Fig.3> th e  
k in e t i c s  o f th e  decom position  were s tu d ie d  over th e  tem peratu re  range 
150° -  183°C# The r e a c t io n  was found to  be ra p id ,  over 80^ o f th e  de­
com position  ta k in g  p la c e  w ith in  two m inutes a t  183°C. T h is meant t h a t  
i t  was n e ce ssa ry  to  fo lio ? / th e  r e a c t io n  by th e  t o t a l  p re s su re  method des­
c r ib e d  p rev io u sly #  A d isad van tage  o f -this method i s  th a t  o n ly  sm all 
p re s su re s  can be u sed , o th e rw ise  th e  ? /a ter produced vri.ll condense in  the  
c o o le r  p a r t s  of th e  a p p a ra tu s  and th e  measurem ents become m eaningless*
A f u r th e r  good re a so n  f o r  u s in g  sm all p re s su re s  was d isco v e red  when th e  
re a c t io n  p ro d u c t was examined# I t  was expected , i n i t i a l l y ,  th a t  th e  
r e a c t io n  v/ould be ;
3T,e(0H)2 = F e ^  *  2 ^ 0  + ^
g iv in g  a p roduct v/hich i s  s ta b le  i n  a ir*  However, i t  ?/as found th a t  on 
exposing  th e  r e a c t io n  p ro d u c t to  a i r ,  co n s id e ra b le  h e a t was evo lved . This 
cou ld  n o t have been due to  u n re a c te d  fe r ro u s  hydroxide and so i t  appeared  
th a t  th e  r e a c t io n
Fe(0H )2 = FeO + HO
must have been  o c c u r r in g . X -ray a n a ly s is  o f th e  p ro d u c t a f t e r  exposure 
to  a i r  showed a  m ix tu re  o f a-Fe^O , and Fe_0, which confirm ed th a t  fe r ro u s
2 3 3 4
-94-
oxide was in d eed  p roduced . To e s tim a te  th e  r e l a t i v e  p ro p o r tio n s  o f  each
was d i f f i c u l t*  b u t in  most c ases  th e re  was l e s s  th a n  15%> i n  th e
p ro d u c t. Where th e  p re s su re  was s u f f i c i e n t  to  produce condensation* th e
p ro p o r tio n  of Fe^O^ was g r e a te r .  As a r e s u l t  o f  th e  fo rm atio n  o f f e r r o u s
ox ide , th e  r a t i o  o f  w ater to  hydrogen in  th e  gaseous p ro d u c t was expected
to  be l e s s  th a n  th e  2 : 1 p re d ic te d  by th e  S ch ik o rr e q u a tio n . E xperim ents
in  which th e  w ater produced was f ro z e n  o u t w ith  s o l id  carbon d io x id e  a t
th e  end o f the  r e a c t io n  showed th a t  t h i s  was so . In  most c a se s , th e
re s id u a l  p re s su re  a t  ~60°C was on ly  a  few p e r cen t o f t h a t  p r e d ic te d  and
even in  th o se  cases  where th e  p re s su re  during  the  r e a c t io n  had been  high*
only  about h a l f  th e  ex p ec ted  amount of hydrogen was p roduced . F u r th e r
experim en ts in  w hich th e  w a t e r  was removed as f a s t  as i t  w a s  form ed by
a P^.0- t r a p  showed c o n c lu s iv e ly  t h a t  f e r ro u s  oxide was th e  p rim ary  2 o
decom position  p ro d u c t. I n  th e se  experim en ts  no p re s s u re  was developed 
and th e  f i n a l  p ro d u c t a f t e r  exposure to  s i r  was e n t i r e ly  f e r r i c  o x id e .
As ex p ec ted , s e n s i t iv e  c o lo r im e tr ic  t e s t s  f a i l e d  to  show th e  p resen ce  o f 
any f e r ro u s  i r o n  i n  t h i s  o x id iz e d  p ro d u c t. O r ig in a l ly ,  th e  p ro d u c t was 
a very  dark  g rey , b u t a f t e r  o x id a tio n  i t  appeared to  be black* though on 
g rin d in g  i t  was found to  be a  v e ry  dark  brown. F e r r ic  oxide i s  norm ally  
a f a i r l y  l i g h t  re d —brown and t h i s  d a rk e r co lo u r must have been due to  
a d e fe c t  s t ru c tu re  which i s  commonly found in  ox id es  produced a t  low  
te m p e ra tu re s .
The r a t e  o f  decom position of th e  f e r ro u s  hydroxide was fo u n d  to  
.depend on the  age of th e  p r e c ip i t a t e ,  o ld e r  sam ples decomposing a t  a  some­
what lowrer r a t e .  No v i s ib le  changes occu rred  i n  th e  p r e c ip i t a t e  on 
s ta n d in g , so t h i s  "ageing" e f f e c t  may have been due to  an ag g re g a tio n  of 
the  p a r t i c l e s .  I t  has p re v io u s ly  been shown (S e c tio n  1 .3 » ) t h a t  the  ob­
served  r a te  o f r e a c t io n  i s  in  many c a se s  in v e r s e ly  p ro p o r tio n a l to  th e  
i n i t i a l  s iz e  of th e  p a r t i c l e s .  The e f f e c t  was l a r g e ly  avoided  by le a v in g  
a l l  p r e c ip i t a t e s  f o r  a few days b e fo re  u s in g  them .
The v a lu es  of th e  f r a c t io n  decomposed, a ,  were o b ta in e d  from th e  
r a t i o  where p^ i s  th e  p re s su re  a t  a  time t ,  and p^ i s  th e  f i n a l
p re s su re  a t  th e  end o f the  r e a c t io n .  A number o f fu n c tio n s  o f a  were 
p lo t te d  a g a in s t  t  o r lo g  t  to  f in d  which k in e t ic  model would b e s t  re p re s e n t  
th e  system . Some o f th e se  graphs a r e  shown in  F ig s ,  8 and 9* I t  can be 
seen th a t  th e  ex p erim en ta l r e s u l t s  a re  q u ite  w e ll f i t t e d  by e i t h e r  a con­
t r a c t i n g  c i r c l e  o r  c o n tra c t in g  sphere  model (S e c tio n  1 , 3 *  f e q u a tio n s  31 aud 
33)• A lthough th e  c o n tra c t in g  sphere model has been used  by G-regg and 
Razouk [105] f o r  the  analagous magnesium hydroxide system , i t  was f e l t ,  
w ith  Anderson and H orlock [103]* t h a t  the  c o n tra c t in g  c i r c l e  model could  
be b e t t e r  j u s t i f i e d  t h e o r e t i c a l l y .  A ccord ing ly , th e  r a t e  c o n s ta n ts  f o r  
th e  v a rio u s  ru n s  were c a lc u la te d  from  g rap h s  o f  ( l  -  a ) 2 a g a in s t  t ,  u s in g  
th e  method o f l e a s t  sq u ares  to  f in d  th e  s lo p e s . D i f f e r e n t ia t io n  of 
e q u a tio n (3 li  shows th a t  th e  r a t e  c o n s ta n t to  be s u b s t i tu te d  in  th e  A rrhen ius
- 9 6  -
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eq u atio n  i s  tw ic e  th e  c o n s ta n t g iven  by th e  slope o f t h i s  g raph . However,
ag
t h i s  does n o t a f f e c t  th e  value  of th e  a c t i v a t io n  energy E , on ly  th e  p re ­
e x p o n e n tia l f a c to r  A which i s ,  in  any case , o f  l i t t l e  s ig n if ic a n c e  as i t  
depends on th e  i n i t i a l  (unknown) r a d iu s  of th e  f e r ro u s  hydroxide p a r t i c l e s .  
The a c t iv a t io n  energy was determ ined by p lo t t in g  a g raph o f  the  Ink  a g a in s t  
T where k  eq u a ls  and T i s  th e  a b so lu te  te m p e ra tu re . T h is  shou ld
give a  s t r a ig h t  l i n e  o f  slope  -E */&• Ho?^ever, a c o n s id e ra b le  s c a t t e r  
was found (F ig .1 0 ) ,  due most p ro b ab ly  to  v a r ia t io n s  i n  p a r t i c l e  s iz e  
between th e  v a rio u s  f e r r o u s  hydroxide sam ples. A cco rd ing ly , th e  slope 
o f th e  b e s t  s t r a ig h t  l i n e  was found by th e  method o f l e a s t  sq u a re s . These 
c a lc u la t io n s ,  u sing  th e  d a ta  o f  T able  10 gave the  fo llo w in g  v a lu es  i
8SE a  22.5  k . c a l s .  p e r mole
A = 3 .0  x 1010 m in. \
The s tan d a rd  d e v ia t io n  i s  n o t a  r e a l i s t i c  e s tim a te  o f  th e  e r r o r  in
5CE in  t h i s  c a s e . I t s  c a lc u la t io n  r e q u ir e s  t h a t  th e  value  of th e  in te r c e p t
of th e  l i n e  on the  a x is  o f  Ink  in  F ig ,10 shou ld  be f ix e d .  The s lo p es  o f
l in e s  jo in in g  t h i s  p o in t  to  the  ex p erim en ta l p o in ts  a re  th e n  c a lc u la te d .
As th e  y  a x is  i s  so f a r  removed along th e  x  a x is  from th e se  p o in ts  and as
-1they  occur over a r e l a t i v e l y  sm all range o f v a lu e s  o f T , th e n  th e  v a r ia ­
t io n  in  s lope  o f  th e se  l i n e s  w i l l  be sm a ll. C a lc u la tio n s  o f  th e  s tan d a rd
•f §
d e v ia t io n  by t h i s  method gave a v a lu e  = -  0*2 k . c a l s ,  p e r  m ole, w h ils t  
in sp e c tio n  of F ig .1 0  shows th a t  q u ite  la rg e  v a r ia t io n s  in  the  s lo p e  o f th e  
b e s t s t r a ig h t  l i n e  would be p e rm iss ib le*
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The Iso th e rm a l decom position  o f f e r ro u s  hydroxide
TABLE 1
Tem perature = 423°K 
P in a l p re s su re  = 0 ,604  cm,
Time 
(rn in s .)
1
2
3
4
5
6
7
8
9 
10 
32 
14  
16 
18 
30 
50 
70
P ressu re  
(om s.)
0.028 
0.067 
0 ,103 
0,140 
0.178 
0.214 
0,248 
0,278 
0.311 
0,333 
0.365 
0.390 
0.410 
0,427 
0 ,487 
0.527 
0.547
a
0.046
0.111
0,171
0.232
0.295
0,354
0.410
0.460
0,515
0.552
0.603
0.645
0.679
0.708
0.807
0.873
0.906
-1 0 1 -
TABLB 2 (see  F ig s ,  8 and 9) 
D erived fu n c tio n s  f o r  d a ta  in  Table 1 .
Time
m ins.
a ( l - a ) 2 d - a )l / 3 - l o g ( l - a ) l0^
1 0,046 0.978 0 .984 0.020 - I .232
2 0 , 111. 0,943 0,962 0.051 -0 ,9 0 3
3 0.171 0.910 0.939 0.081 —0.686
4 0.232 0,876 0.916 0.115 - 0.520
5 0.295 0.840 0,890 0,152 -0 ,3 7 9
6 0 .3 5 4 0 ,804 0,864 0.190 - 0,261
7 0.410 0.768 0.839 0,229 - 0.158
8 0.460 0.735 0 .814 0.268 - 0.070
9 0.515 0,696 0.786 0.314 0,025
10 0.352 0.669 0,765 0.349 0,090
12 0.603 0.628 0.734 0.403 0.185
14 0.645 0.596 0.708 0.450 0,260
16 0,679 0.567 0.685 0 .494 0.325
18 0.708 0.340 O.663 0,535 0.385
Tem perature 430°K 
F in a l  p re s su re  1.4-76 cms.
Time
(m ln s .)
P re ssu re
(cm s.)
a ( l - a ) 2
1 0 .02  5 0.017 0,991
2 0.060 0,041 0.979
3 0.105 0.071 0 .964
4 0.173 0,117 0.940
5 0.253 0.172 0,910
6 0.347 0,235 0.875
7 0 .470 0.319 0.825
8 0.593 0,403 0,773
9 0 .720 0,488 0.715
10 0.813 0.551 0.670
11 0 .877 0.595 0,636
12 0.930 0.630 0.608
13 0.983 0.666 0.578
14 1 .025 0.695 0.552
13 1.055 0,716 0.533
20 1 .175 0,797 0.451
30 1.285 0.872 0.358
40 1*347 0.913 0.295
60 1 .433 0 .972 O.167
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TABLE 4
Temperature 437°K 
Pinal Pressure 0.658 cms*,
Time 
(mins#)
Pressure 
(cms*)
a ( l-a )*
1 0.015 0,022 0.989
2 0.030 0,046 0.978
3 0.047 0.071 0.964
4 0.067 0.102 0.948
5 0.089 0.135 0.930
6 0.117 0.178 0.907
7 0.160 0.243 0.870
8 0.218 0.331 0.818
9 0.282 0.428 0.756
10 0.347 0.527 0.688
11 0.412 0.627 0.611
12 0.473 0.719 0.530
13 0.524 0.796 0.2*52
14 0.564 0.857 0.378
15 0.587 0.893 0.327
17 0.615 0.935 0.255
20 0.640 0.973 O.I64
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TABLE 5 
Tem perature 444°K 
F in a l p re s su re  1,4-67 cms.
Time P ressu re a ( l - a ) 2
(m in s .) (cm s.)
1 0.035 0.025 0.987
2 . 0.073 0,050 0.975
3 0.135 0.092 0.953
4 0.273 0.186 0o 902
5 0.545 0,372 0.792
6 0,803 0.549 0.672
7 1.067 0.727 0.522
8 1.125 0,768 0*482
9 1.160 0.791 0.457
12 1.235 0.842 0.397
18 1.320 0.901 0.315
33 1.400 0,956 0,211
80 1.447 0.987 0.114
TABLE 6 
Tem perature 440°K 
F in a l  p re s su re  1.970 cms.
Time
(m in s .)
P re ssu re  
(cm s.)
a ( l - a ) 2
1 0 ,0  66 0 ,034 0,983
2 0,184 0,093 0.952
3 .5 0*358 0,182 0.904
4 0,428 0.217 0.885
5 0.688 0.349 0.807
6 0 .974 0.494 0.711
7 1 .284 0,652 0.590
8 1 .430 0.726 0.523
9 1.556 0.789 0*459
10 1 .6 4 4 0.835 O.406
12 1.730 0.879 0.348
- 3.05-
TABLE 7
Tem perature 450°K 
P in a l  p re ssu re  0,830 cms.
Time P ressu re a ( l - a )
(m in s .) (cm s.)
1 0.046 0.053 0.973
.2 0,096 0.115 0.94L
3 0 .134 0.162 0.915
4 0 .164 0,198 0.896
5 0 ,264 0.318 0,826
6 0.402 0 .4 8 4 0.718
7 0,536 0 . 646 0.595
8 0.618 0.754 0.496
9 0,676 0.815 0,430
10 0 ,694 0.836 0.405
14 0,712 0,858 0.377
60 0 .784 0.945 0.235
TABLE 8 
Tem perature 453°K 
P in a l  p re s su re  1 ,600 cms,
Time
■
P ressu re a
(m in s .) (cm s .)
1 0.C14 0*009
2 0.192 0,120
2 .5 0 .504 0.315
3 0 .778 0,486
3 .5 0 .978 0,611
4 1 .188 0.743
5 1 .382 0.865
6 1 .432 0 .897
7 1.456 0.910
( l - a ) 1
0,995
0.938
0,828
0.717
0.624
0.507
0.367
0.321
0.300
—10 6°*
TABLE 9
Tem perature 4-58 °K 
F in a l  p re s su re  05,545 cms,.
Time 
(m in s .)
P ressu re  
(cms*)
a ( l~ a ) 2
1 0,008 0*015 0,993
2 0,021 0,039 0 *981
3 0,052 0.095 0,951
3 .5 0.088 0.161 0,916
4 0.174 0.319 0,825
4 .5 0,303 0.556 0,666
5 0*378 0.693 0 ,5 5 4
6 0.400 0.734 0,516
12 0.421 0.772 0.477
40 0*449 0,824 0.420
140 0,495 0.908 0.303
TABLE 10 (see  F ig . i o )
True r a te  c o n s ta n ts  deriv ed  from  d a ta  in  T ables 1 - 9 *
Temp.
°K k x 10^ In  k l /T  x lO ^
423 7.026 -2 .6 5 6 2»364
430 11,40 -2 ,1 7 3 2,326
437 15.31 -1 .8 7 8 2.288
44411 1 25,20 -1 .3 7 8 2.252
y,;,1 P T 29.62 -1 .2 1 7 2.252
450 22.26 - 1.502 2.222
453 44 .90 -0 ,8 0 1 2,208
458 49 .80 -0 ,6 9 7 2.183
4*1*2, N ickel hydroxide
A ll k in e t ic  s tu d ie s  on th i s  compound were made u s in g  w eight lo s s  
methods* The f r a c t i o n  decomposed* a ,  i s  r e l a t e d  to  th e  weight* w ( t) ,  
a t  any time t ,  by th e  eq u a tio n  ;
a  = p  ( l  -  ) . . .  ( 8 l)
o
where wq i s  th e  i n i t i a l  w eight and th e  f a c t o r F ,  f o r  a r e a c t io n  o f  th e  
type  :
V aA(s ) — > VBB (s) + c (g)
i s  given by ;
i VI 1 '  V a - i ( 82)
and b e in g  th e  m o lecu lar w eights of A and B r e s p e c t iv e ly .
For the r e a c t io n  i
N i(0H )2 = NiO + HO
b o t h \ ) A andv' a re  u n i ty  and P  i s  g iv en  by :A B
ma  
ma  -  mb
w hich, s u b s t i tu t in g  a p p ro p r ia te  v a lu es  f o r  and i s  found to  be 5*145* 
Using n ic k e l  hydroxide sam ples p rep a red  by p r e c ip i t a t io n  w ith  
sodium hydrox ide , a  number o f is o th e rm a l and n o n -iso th e rm a l decom position  
were c a r r ie d  o u t a t  1 atm osphere p re s su re  in  a i r ,  u s in g  th e  S tan to n
-1 0 8 -
therm obalance (S e c tio n  3 » 3 .2 ,) ,  Graphs of ( l - a ) 2 a g a in s t  t  f o r  the 
iso th e rm a l runs gave good s t r a ig h t  l i n e s  up to  v a lu e s  o f a  ^ 0o6 excep t 
i n  th e  case  o f one ru n  c a r r ie d  ou t a t  the  lo w est tem p era tu re  u sed .
The g en e ra l form of th e  thermograms i s  shown in  F ig ,11. I t  can
be seen th a t  th e re  i s  an ab ru p t change o f s lope  when a  i s  approxim ately  
0 .8 , This was observed  in  a l l  cases and fu rtherm ore*  i n  th e  is o th e rm a l 
ru n s , th e  f i n a l  s te a d y  w eight corresponded  to  an ap p aren t a  o f a b o u t  0 .8 ,
The r e a c t io n  p ro d u c t a t  th e se  tem p e ra tu res  was b la c k , s tro n g ly  m agnetic 
and so lu b le  in  h y d ro c h lo ric  a c id  w ith  e v o lu tio n  o f c h lo r in e , su g g es tin g  
th e  p resen ce  o f t r i v a l e n t  n ic k e l .  On h e a tin g  to  1,000°C* i t  became 
g re e n ish  and was o n ly  so lu b le  in  a c id  on pro longed  h e a tin g ,
The a c t iv a t io n  energy was o b ta in ed  from th e  n o n -iso th e rm a l decom­
p o s i t io n s  u s in g  th e  method d e sc rib e d  in  S e c tio n  2 .2 , E quation  (69) was 
used v d th  n = -g-. Using th e  mean va lue  o f E f o r  each ru n , a s e r ie s  of 
v a lu es  o f  A were c a lc u la te d  by s u b s t i tu t io n  in to  eq u a tio n  (6 8 ) , As in  
th e  c ase  o f  f e r ro u s  h yd rox ide , no s ig n if ic a n c e  can be a tta c h e d  to  th e  
v a lu e  of A, b u t i t  se rv es  to  show how w e ll th e  ex p erim en ta l d a ta  a re  f i t t e d  
by th e  t h e o r e t i c a l  e q u a tio n . I t  was found th a t  th e  eq u a tio n s  cou ld  only  
be used up to  a volue o f a  ~  0,6* as in  th e  case  o f th e  iso th e rm a l s tu d ie s .  
W ith th e  n ic k e l  hydroxide p re p a red  from th e  ammine, i t  d id  n o t 
protye p o s s ib le  to  o b ta in  m eaningful r e s u l t s  u sing  th e  therm obaiance and 
so the  decom position  was s tu d ie d  in  vacuo usin g  the  q u a rtz  sp rin g  b a lan ce
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F i g . 1 3 . —  A r r h e n i u s  r e l a t i o n  fo r  n i cke l  h y d r o x i d e .
~H 2«
(S ec tio n  3»3*3«0 and bo th  iso th e rm a l and n o n -iso th e rm a l te c h n iq u e s . The 
r e s u l t s  were in te r p r e te d  and c a lc u la te d  as above.
The iso th e rm a l d a ta  f o r  th e  runs i n  a i r  are g iven  in  T ab les 11 -  13 
and fo r  the runs in  vacuo in  T ab les 23 -  26a The r a t e  c o n s ta n ts  f o r  the 
fo rm er, de term ined  a s  f o r  f e r ro u s  hydrox ide a re  g iven  i n  Table 16 , These
v a lu es  gave t
i£E =t 22 ,8  k ,c a l s  p e r  mole
6 . - 1  
A = 9 .0  x 10 min.
As w ith  f e r ro u s  h y d ro x id e , th e  s ta n d a rd  d e v ia tio n  i s  n o t a  r e l i a b le  e s tim a te
55
of the error in  E .
The n o n - i so therm al ru n s  in  a i r  (T ab les 17 “ 24) gave a ra n g e  o f
55v a lu es  o f E betw een 17*3 and 24*2 k ,c a l s  per mole and i t  would seem
55
rea so n ab le  to  say  th a t  th e  va lue  of E ' l i e s  betw een th e se  l i m i t s .  The 
v a lu e s  o f  A show a c o n s id e ra b le  v a r ia t io n  from ru n  to  ru n , b u t as has been 
p o in te d  o u t, l i t t l e  s ig n if ic a n c e  can be a tta c h e d  to  th e se  v a lu e s .
The n o n -iso th e rm a l ru n s  in  vacuo (T ab les 27 -  29) gave v a lu es
5£of E in  th e  range 21 ,3  to  26 ,2  k ,c a l s  p e r  m ole. F urtherm ore , the decom­
p o s i t io n  took  p la c e  a t  h ig h e r  tem p era tu res  th an  in  th e  co rrespond ing  ru n s  
in  a i r  u s in g  th e  o th e r  sample o f n ic k e l h y d ro x id e .
The fo rm a tio n  and p r o p e r t ie s  of th e  b lack  p ro d u c t o b ta in e d  a t  300°C 
were f u r th e r  in v e s t ig a te d .  Samples o f b o th  form s of n ic k e l  hydroxide 
were h e a te d  in  a i r ,  n itro g e n  and vacuo and allow ed to  coo l in  th e  same
environm ents. The same p ro d u c t was o b ta in e d  in  a l l  cases  showing th a t  the  
e f f e c t  was n o t due to  atm ospheric o x id a tio n . I t  i s  w e ll known, however, 
t h a t  n ic k e l  oxide w i l l  r e v e r s ib ly  adsorb  oxygen a t  room tem p era tu res  [ 164] 
and w eight changes in  accordance w ith  t h i s  were observed  in  therm obalance 
exp erim en ts .
In f r a - r e d  s p e c tra  o f th e  b lack  p ro d u c t showed th a t  no hydroxyl
-1
groups were p re s e n t .  A b road  ’’hump” was o b ta in e d  a t  about 3 9570 cm,
+ —1and a sharp  peak a t 1630 -  10 cm, '*'• This behav iou r i s  c h a r a c te r i s t i c  
of w a te r . In  the  case  o f n ic k e l  hydroxide i t s e l f  and p a r t i a l l y  decomposed
samples c o n ta in in g  i t  i n  adm ixture w ith  n ic k e l ox ide , a sharp  peak was
-1  -1o b ta in e d  a t  3&20 -  3650 cm. * The absorbance a t  I 63O cm, was ab sen t
in  the  hydrox ide b u t appeared  as a sm all peak in  th e  p a r t i a l l y  decomposed 
sam ples. T his was p ro b ab ly  due to  a d so rp tio n  o f the  w a ter form ed during  
the decom position  by the  o x id e . The sharp  peak a t  3^40 cm. i s  ch arac ­
t e r i s t i c  of m eta l hydrox ides o f t h i s  ty p e , s im ila r  v a lu e s  having  been 
o b ta in e d  f o r  Ca(0H)2> LiOH, e t c .  by P h i l l i p s  and Busing [1 6 3 ] ,  For
Cd(0H)2 which has the N i ^ H ) ^  structure, the value is closer to that found
+ -1in  L a(0H )y  3 ,500  -  50 cm. , [ 166 , 167] b u t no e x p lan a tio n  o f t h i s  has 
been g iv e n . The method used  to  o b ta in  th e  s p e c tra  i s  p ro b ab ly  n o t s e n s i t iv e  
enough to  r e v e a l  th e  p re sen ce  o f any su rfa c e  hydroxyl groups in  the  b la c k  
p ro d u c t. These have been found in  h ig h  tem p era tu re  specim ens o f 
by P e r i  and Hannan [1 6 8 ] .
X -ray  powder pho tographs were tak en  of n ic k e l  hydroxide specim ens
a t  v a rio u s  s ta g e s  of th e  decom position . Below approx im ate ly  80^ decom­
p o s i t io n  th e  r e s u l t i n g  photographs showed l i n e s  belong ing  to  b o th  n ic k e l  
Oxide and h yd rox ide , the  oxide l i n e s  be ing  r a th e r  d i f f u s e , Above 80% 
decom position , on ly  l i n e s  due to  n ic k e l oxide were o b ta in e d , ag a in  r a th e r  
d i f f u s e .  I t  was n o ted , hovrever, t h a t  the  111 r e f le x io n  was le s s  broadened 
th an  th e  220 and 200 r e f le x io n s ,  th e  200 r e f le x io n  showing th e  g re a te s t  
degree o f b ro ad en in g . A fte r  h e a tin g  to  r e d -h e a t ,  th e  d if fu s e n e s s  
d isap p ea red  and a p a t te r n  o f sharp  l i n e s  was o b ta in e d .
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The iso th e rm a l decom position o f n ic k e l hydrox ide in  a i r
TABLE I I
Tem perature 502°K 
I n i t i a l  w eight 0,3436 g,
Time W eight a ( l - a ,)2
(m in s ,) ( g . )
5 0,3397 0,0584 0,9704
10 0o3371 0*0973 0,9501
13 0.3346 0,1347 0.9302
20 0.3322 0.1707 0.9107
23 0.3299 0,2051 0.8916
30 0,3276 0,2396 0,8720
35 0,3253 0,2740 0*8521
40 0.3231 0,3070 0,8325
45 0,3210 0.3384 0 ,8134
50 0.3188 0,3714 0,7928
55 0.3168 0.4013 0.7738
60 0.3148 0,4313 0,7541
65 0,3131 0,4567 O.7317
70
■!
0.3113 0.4836 0.7186
TABLE 12
Tem perature 516°K 
I n i t i a l  w e ig h t 0,4006 g .
Time 
(m in s .)
W eight
(go)
a ( l - a ) 2
5 0,3979 0.0347 0.9825
10 0.3913 0.1195 0,9384
15 0.3848 0,2029 0.8928
20 0,3781 0,2890 0.8432
25 0.3717 0,3712 0.7930
30 0.3654 0.4521 0.7402
35 0.3598 0.5240 0.6899
40 0.3549 0,5869 0.6427
45 0,3506 0.6421 0,5983
- l ib -
TABLE 13
Tem perature 525°K 
I n i t i a l  w eight 0.3176 g»
Time W eight a ( l - a ) 2
(m ins*) ( 8 .)
7*5 0,3113 0,1021 0.9476
10 0.3062 0.1847 0,9029
1 2 .5 0.3012 0.2657 0.8569
15 0.2964 0.3434 0.8103
17.5 0.2917 0.4196 0.7618
20 0.2872 0.4925 0.7124
22 .5 0,2830 0.5605 O.6630
25 0.2790 0.6253 0.6121
27.5 0.2755 0.6820 0.5639
TABLE 14
Tem perature 540°K 
I n i t i a l  w eigh t 0,3203 g.
Time W eight a ( l - a ) 2
(m in s ,) (g«)
3 0.3140 0.1012 0.9481
4 0.3113 0.1446 0.9249
5 0.3084 0.1911 0.8994
6 0.3058 0.2350 0.8746
7 0.3031 0,2763 0.8507
8 0,3006 0.3164 0,8268
9 0.2981 0,3566 0.8021
10 0,2957 0.3951 0.7778
11 0.2932 0.4353 0.7515
12 0,2908 0.4739 0.7253
13 0.2887 0.5076 0,7017
14 0.2867 0.5397 0.6785
15 0.2847 0.5719 0.6543
16 0.2828 0 .6024 0.6306
-H7~
TABLE 15
Tem perature 558°K 
I n i t i a l  w eight 0*3666 g.
Time W eight a ( l - a ) 2
(m in s ,) (g .)
5 0*3517 0*2091 0.8893
6.25 0.34-57 0,2933 0,8107
7 .5 0.3397 0.3775 0.7890
8 .7  5 0.334-0 0,4-575 0.7366
10 0.3284- 0.5361 0.6811
11 .25 0.3232 0.6091 0.6252
12 .5 0.3187 0*6722 0.5725
13.75 0.314-8 0.7270 0.5225
15 0.3114- 0.774-7 0.4-74-7
TABLE 16
True r a t e  c o n s ta n ts  d e riv ed  from d a ta  in  T ab les 11 -  15
ne 
I
O 
(D hd . k  x 102 In  k l /T  x 103
502 0.786 —4-0846 1 ,992
516 2.015 -3.914- 1.938
525 3.921 -3 .2 3 9 1.905
54-0 4*914. -3 .0 1 3 1,852
558 8*629 -2.4-50 1.792
-1 1 8 -
The non-i; :omposition of n ick e l
TABLE 17
H eating  r a te  2° p e r  m inute 
I n i t i a l  w eight 0 ,3390 g .
Temp,
(°K)
W eight
( s . )
a 1-  ( l“&)2
503.2 0.3197 0.2922 0,1587
508 .2 0.3131 0.3633 0.2021
513.2 0.3093 0,4471 0.2564
518.2 0.3039 0.3331 0.3167
523.2 0.2981 0.6213 0.3848
A
min. -1
2.42  x  101
2 .46  x 10^ 
2 .48  x 1 0 ;
2.47  x  104 
2,43- x 10?
Mean value  o f  EK = (ZLa 3 -  l . l )  k .c a l s  p e r  mole,
TABLE 18 
H eating  r a te  2° p e r  m inute 
I n i t i a l  w eight 0 .3739 g.
Temp.
(°K)
Weight
(« • )
a : l - ( l - a ) 2 kmin. -1
503 0 2 0.3606 0.1763 i 0 .0924 1 .15 X 108
508 .2  ' 0.3567 0.2240 0.1191 1 .1 5 X 1°8
513.2 0.3516 oe 2895 0.1571 1 .1 8 X 10n5 l8 fl 2 0.3458 0.3615 0,2009 1 .1 9 X 10°
523.2 0.3396 0.4410 0.2523 1 .1 8 X 10n528,2 0.3330 0,5230 0.3093 1 .1 5 X 1 ° ;
533.2 0.3265 0.6180 0.3819 1 .1 4 X 108
55 4*
Mean v a lu e  o f E = (2 3 .3  ** 1 .4 )  k .c a l s .  p e r  mole
-1 1 9 -
TABLE 19 
H eatin g  r a t e  2° p e r m inute 
I n i t i a l  w eight 0„3505g.
Temp,
(°K )..........
Weight 
...... ( g . )
a A
. -1mm.
498.2 0.3307 0.1909 0.1005 8 .2 4  x 106
503.2 0.3272 0.2390 0.1276 8 .4 2  "
513.2 0.3189 0.3530 0.1956 8 .32  ”
523.2 0.3081 0.5010 0.2936 8 .18  "
/  +  \Mean v a lu e  o f E = v20.5 -  0*9; k . c a l s .  p e r  m ole. 
TABLE 20 
H eatin g  r a t e  2° p e r  m inute 
I n i t i a l  w eight 0 .4514g.
Temp. Weight
( g .)
a l - ( l - a ) ^ A
. -1m m .
503.2 0.4325 0.2156 0.1143 1.15 x 107
508.2 0.4272 0.2768 0.1496 1.04 !l
513.2 0.4217 0.3386 0.1867 1.20 tt
518.2 0.4152 0.4137 0.2343 1.21 ?l
523.2 0.4087 0.4862 0,2832 1.18 It
528.2 0.4016 0.5646 0.3401 1.15 II
Mean v a lu e  o f E = (2 0 ,9  -  1 .7 )  k . c a l s .  p e r  m ole.
-1 2 0 -
TABLE 21
o
H eating  r a t e  2 p e r  m inute 
I n i t i a l  w eight 0*3674 £*
Temp.
(°K)
Weight
(ge)
a l - ( l - c t )2 A
. -1mm .
j 5 0 3 .2 0.3472 0.2830 0.1532 4.85  x 108
1 508,2 0.3411 0.3689 0.2056 5 .02  "
513*2 0.3348 0.4584 0.2641 5 .01  »
518.2 0.3286 0.5433 0.3242 4.75  "
Mean v a lu e  p f E = (24o2 ^  2 .8 )  k . c a l s .  p e r  m ole.
TABLE 22
oH eatin g  r a t e  2 p e r m inute 
I n i t i a l  w eight 0.3635 g*
Temp,
°K
Weight
g .
a H* I M 1  ^ -1mm .
503.2 0.3488 0.2079 0.1100 3 .88  x 107
508.2 0.3447 0.2655 0.1430 3.98  "
513.2 0.3399 0.3329 0.1832 4 .0 3  "
518.2 0.3345 0*4116 0.2329
000•
523.2 0.3289 0.4898 0.2857 . 4 .0 1  " ■ I
, 528.2 0.3232 0.5701 0.3443 3.76 "
Mean
*
v a lu e  o f  E = (2 2 .1  -  1*8) k . c a l s .  p e r m ole.
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TABLE 25 
H eating  r a t e  2° p e r  m inute 
I n i t i a l  w eight 0,3746 g .
Temp
°K
Weight
. ........£*
a 1 - ( l - a ) 2 A
. -1mm.
503.2 0.3526 .3036 0.1656 :3.76 x 105
508.2 0.3479 .3679 0.2050 3.85 "
513.2 0.3430 .4342 0.2478 3.85 "
513.2 0.3378 .5065 0.2974 3 .84  ”
523.2 0,3329 .5732 0,3467 3.77 "
Mean v a lu e  o f E = (1 7 .3  -  1 .3 )  k . c a l s .  p e r  mole
TABLE 24 
H eating  r a t e  4° p e r m inute 
I n i t i a l  w eight 0 .3346g,
Temp.
°K
Weight
g .
a l - ( l - a ) 2 A
. -1mm .
533.2 0.3195 0.2315 0.1233 9 .25  x 107
538.2 0.3162 0.2819 0.1526 9 .20 it
543.2 0.3126 0.3375 0.1861 9.26 !f
548,2 0.3084 0.4019 0,2266 9 .22 II
553.2 0.3036 0.4764 0.2764 9.26 It
558.2 0.2987 0.5516 0.3304 9.16 II
Mean v a lu e  o f  E = (2 1 .2  i  0 ,5 )  k , c a l s ,  p e r  m ole.
-1 2 2 -
The isotherm al decom position o f n ic k e l hydroxide in  vacuo
TABLE 25 
Tem perature 517.3° K.
I n i t i a l  w eight 0 ,1294
Time
m ins.
Weight 
...... .. g .
a ( l - a ) 2
5 0.1266 0.11X7 0.9425
7 0.1244 0.1987 0.8952
9 0.1225 0.2746 0.8517
11 0.1207 0,3461 0.8086
13 0.1190 0.4136 0.7658
15 0.1177 0.4654 0.7312
17 0.1163 0,5210 0.6921
19 0*1151 0.5687 0.6567
22 0.1135 0.6265 C.6112 
_ ___
TABLE 26 
Tem perature 518 .5° K.
I n i t i a l  Weight 0*1515 g .
Time ' 
m ins.
Weight 
.......... g .
a
- -  “ TT" "% 
( l - a ) 2 |
3 0.1481 0.1154 0.9405 i
. 4 0.1464 0.1732 0.9093
5 0.1450 0,2205 0.8829
6 0.1436 0.2680 0,8556
7 0.1422 0,3156 0.8273
8 0.1408 0.3636 0.7978
9 0,1396 0.4037 0.7722
10 0.1385 0.4412 0.7475
11 0.1373 0.4821 0.7197
13 0.1352 0.5535 : 0.6682
16 0.1327 0.6384 ; 0.6013
18 0.1313 0.6912 0.5557
-12.3-
The non-isotherm al decom position o f n ic k e l hydroxide in  vacuo
TABLE 27
o
H eating  r a t e  2 .65 p e r  m inute.
I n i t i a l  w eight 0 .1753 g.
Temp • 
°K
Weight 
...... g ..
a l - ( l - a ) 2 A -1mm.
505.7 0.1661 0,2699 0.1455 5.25  x 107
511.0 0,1638 0.3371 0.1858 5.27  H
516.3 0.1611 0,4166 0,2362 5.29  "
521.5 0.1582 0.5017 0.2941 5.25 "
Mean v a lu e  o f E = (2 1 .3  -  0 .4 )  k . c a l s .  p e r  m ole.
TABLE 28
oH eatin g  r a t e  2 .15 p e r m inu te . 
I n i t i a l  w eight 0.1929 g .
Temp.
°K
Weight
g.
a l - ( l - a ) 2 A. -1mm.
523.9 0.1820 0.2929 0.1591 2 .8 3  x 109
528.2 0.1792 0.3676 0.2048 2.92  ,f
532.5 0.1763 0.4449 0.2549 2 .9 3  "
536.8 0,1735 0.5192 0.3066 2 .84  "
Mean v a lu e  o f  E = (2 6 ,2  £ 2 . l )  k . c a l s ,  p e r m ole.
TABLE 29
H eating  r a t e  2 .6  p e r  m inu te . 
I n i t i a l  w eight 0 .1787g .
t-3 OC
D hd • Weight
e-
a l - ( l - a )  2 jiI
A. -1mxn.
526.1 0.1706 0.2335 0.1245 | 4 .01  x 10 'f ~
531*3 0.1685 0,2936 0.1595 ! 4 .10  "
536.6 0.1662 0.3600 0.2000 | 4 .09  "
541.8 0.1638 0.4289 0.2443 I 4 .02  "
*  /  +  \Mean v a lu e  o f E = (2 2 .1  -  1 .4 ;  k . c a l s ,  p e r  m ole.
-1 2 4 -
4*1*3* C obaltous hydroxide
The k in e t ic s  o f th e  decom position  were s tu d ie d  by iso th e rm a l and 
n o n -iso th e rm a l m ethods, though on ly  th e  n o n -iso th e rm a l r e s u l t s  were used 
to  c a lc u la te  a c t iv a t io n  e n e rg ie s . The q u a rtz  sp r in g  b a lance  (S e c tio n  3*3*3*) 
was used and th e  w eigh ts co n v erted  to  f r a c t io n  decomposed u s in g  e q u a tio n  (8 l )  
o f th e  p reced in g  s e c t io n .  For co b a lto u s  hyd ro x id e , th e  f a c to r  H has 
th e  v a lu e  5 .1 5 9 . The decom position  i s  s im p le , fo llo w in g  th e  equations
Co(0H)2 = CoO 4- H20
From th e  thermodynamics o f th e  system , th e re  should  be no Co^O^ formed*
I t  was found th a t  th e  decom position  commenced a t  a s u b s ta n t i a l ly
olow er tem p era tu re  th an  w ith  n ic k e l  hydrox ide and was ra p id  a t  170 C. As 
w ith  n ic k e l  hy d ro x id e , th e  f i n a l  s te a d y  w eight in  iso th e rm a l runs co rre sp o n ­
ded to  about 80$ decom position , bu t a t  300 C, th e  t o t a l  w eight lo s s  was 
e q u iv a le n t to  about 90$ decom position . The p roduct was a g rey  powder, 
s o lu b le  in  d i l u t e  h y d ro c h lo ric  a c id  to  g ive  a p in k  s o lu t io n  w ith o u t th e  
e v o lu tio n  o f c h lo r in e .  This i s  in  agreem ent w ith  th e  expected  absence o f 
any la rg e  q u a n ti ty  o f  C o ( i l l ) .
The iso th e rm a l ru n s  showed th a t  th e  c o n tra c tin g  c i r c l e  model was 
a p p lic a b le  and so th e  a c t iv a t io n  energy was c a lc u la te d  from th e  n o n -iso th en n a l
d a ta  u s in g  e q u a tio n  69 (S e c tio n  2.2.) w ith  n = -jr. The d a ta  a re  g iven  in
*#•
Tables 32-34. The v a lu e s  f o r  E range from 12.6  to  19*6 k .c a l s  p e r  m ole,
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though i t  i s  'believed  th a t  t h i s  low er va lu e  i s  a  sp u rio u s  r e s u l t*  As 
w ith  n ic k e l  h yd rox ide , th e  v a lu es  o f A a re  c a lc u la te d  as a check on th e  
v a l i d i t y  o f th e  e q u a tio n  u sed .
The iso th e rm a l decom position  o f co b a lto u s  hydroxide in  vacuo
TABLE 30
Tem perature 413°K 
I n i t i a l  w eight 0,0859 g .
Time
m ins.
Weight
......... g«
a ( l - a ) 2
4 0.0846 0.0781 0,9602
7 0.0838 0.1261 0.9348
12 0.0825 0.2042 0.8921
17 0.0812 0,2822 0.8472
20 ! 0,0805 0.3243 0.8220
27 j 0 ,0788 0.4264 0.7574
35 | 0.0770 0.5345 0.6823
41 ! 0,0759 0.6005 0.6321
50 0.0746 0.6784 0.5671 “
60 1 0,0736 0 ,7398 0.5111
71 | 0 ,0729 0.7806 0.4684
86 j 0.0723( 0,8167 0,4281
TABLE 31
Tem perature 431,5°K I n i t i a l  w eight 0.1093 g*
. ................ . .. 1
Time Weight a ' (1 -ct)2 j
m ins. g . .........
4 0,1084 0.0476 0,9759
6 0.1073 0.0944 0.9516
8 0.1059 0,1605 0,9163
10 0,1045 0.2266 0.8794
12 0.1031 0.2927 0.8410
14 0.1018 0.3540 0.8037
16 0.1006 0.4107 0.7677
18 0,0996 0.4579 0.7363
20 0.0987 0,5003 0.7069
22 0.0979 0.5381 0.6796
24 0.0969 0.5850 0.6442
27 0.0957 0,6418 0.5985
-  2 1 ........ 0 .0943 0.7078 0.5405
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The n o n -iso th e rm a l decom position  o f co h a lto u s  hydroxide i n  vacuo
TABLE 32
H eatin g  r a t e  5 .5  p e r m inute . 
I n i t i a l  w eight 0 .1759 g«
Temp,
°K
Weight a l - ( l - a ) 2 A
. -1
m m
452.0 0.1642 0.3450 0.1907 8 .1 2  x 106
457.5 0,1617 0.4170 0.2365 8 .3 1  "
463,0 0.1593 0.4905 0.2862 8 .3 2  * "
468.5 0.1568 0.5640 0.3397 8 ,2 1  ? ”
474.0 0,1539 0.6445 0.4038 8.15  "
le a n  v a lu e  o f E = (12 .6  -  0 ,9 )  k .c a ls *  p e r  m ole. 
TABLE 55
H eatin g  r a t e  5 .8 °  p e r  m inute 
I n i t i a l  w eight 0.1394 g .
Temp.
°K
Weight
. . .  g* ..........................
a l - ( l - a ) 2 A
.  -1mm.
426.2 0.1326 0,2517 0.1350 9 .67  x 108
432.0 0.1300 0.3479 0.1925 9.86  "
437 #9 0.1266 0,4737 0.2745 10.05 "
443.7 0.1233 0.5959 0.3642 9 .6 8  "
— t
*  f ' r  +  \Mean v a lu e  o f E = (19 .6  - 1 . 4 )  k c a l s .  p e r  m ole.
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TABLE 54
H eating  r a t e  4»6Q p e r m inute 
I n i t i a l  w eight 0*1170 g*
Temp.
°K
Weight
,
a l - ( l - a ) 2 A
. -1mm,
! 424c6 . 0*1115 0*2425 0.1296 9.86 x 109
i 429.2 0.1102 0.3050 0.1665 9 .87  "
433.9 0.1084 0.3792 0.2121 9 .81  "
i 438*5
..... —
0.1064 0.4674 0.2702 9 .84  "
Mean v a lu e  o f E = (1 7 .9  -  0 .3 )  k* c a l s .  p e r  m ole.
4 .2 .  H ydrotherm al r e a c t io n s
Due to  th e  slow h e a tin g  and c o o lin g  r a t e s  o f th e  a u to c lav e  u sed , 
i t  was no t p o s s ib le  to  make q u a n t i ta t iv e  measurements o f th e  r a te s  o f 
decom position  o f n ic k e l  and co b a lto u s  hyd rox ides under hydro therm al 
co n d itio n s*
However, th e  m easurements made w ith  n ic k e l  hydroxide showed th a t  
th e  r a t e  was r a th e r  l e s s  th an  th a t  o f th e  r e a c t io n  in  a i r  o r vacuo* The 
n a tu re  o f th e  r e a c t io n  was th e  same, th e  p roduct be in g  n ic k e l  o x id e , as 
i s  to  be ex p ec ted .
In  th e  case  o f c o b a lto u s  hy d ro x id e , due to  th e  f a c to r s  m entioned 
and th e  f a s t e r  r e a c t io n  r a t e ,  i t  d id  no t prove p o s s ib le  to  o b ta in  r e l i a b l e
in fo rm a tio n  on th e  r e l a t i v e  r a te s  o f decom position  under hydro therm al 
and vacuum c o n d it io n s . N o n e th e le ss , th e  r e s u l t s  in d ic a te d  th a t  th e  
r e a c t io n  was alm ost c e r ta in ly  slow er under hydro therm al c o n d it io n s . 
The p roduct was an o ch re -co lo u red  powder which su g g es ts  th a t  on ly  
C o ( ll)  was p re s e n t ,  though CoO i s  re p o r te d  as o l iv e -g re e n  o r  b la c k .
An X -ray powder photograph showed th a t  th e  p roduct was indeed  CoO, 
th e  m easured d sp ac in g s  be in g  in  good agreem ent w ith  th o se  re p o r te d  
in  th e  A.S.T.M. P i l e  o f X-Ray Powder D ata . The c o b a lt  c o n te n t , 
de term ined  by th e  method o f  S ec tio n  5 .2 .3*  was 74*8$ w h ils t  th e
th e o r e t i c a l  f ig u re  f o r  CoO i s  78 .65$ • The d isc rep an cy  was p robab ly  
due to  adsorbed  w ater which was no t removed on h e a tin g  to  300°C in  
vacuo *
4 .3 .  X -ray s tu d ie s
In  t h i s  s e c t io n  we a re  concerned w ith  th e  d e te rm in a tio n  o f 
l a t t i c e  p aram eters  fo r  n ic k e l  oxide and hydrox ide and th e  c a lc u la t io n  
and measurement o f th e  i n t e n s i t i e s  o f r e f le x io n s  from powder sam ples 
o f th e  l a t t e r .
For n ic k e l  o x id e , photographs were tak en  u s in g  specim ens p rep ared  
a t  h ig h  tem p e ra tu res  from b o th  sam ples o f  n ic k e l  h y d ro x id e . Cameras 
o f 57 .3  mm. and 114.6 mm, rwfefeue were u sed , th e se  m ia d  b e in g  chosen 
so th a t  on th e  f ilm  1 mm, eq u a ls  2° and 1° o f ang le  r e s p e c t iv e ly .
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Though th e  la rg e  camera i s  to  be p re fe r re d  fo r  i t s  g r e a te r  r e s o lu t io n ,  
t h i s  i s  o f f s e t  to  some e x te n t by th e  f a c t  th a t  c o n s id e ra b ly  lo n g e r 
exposures a re  re q u ire d . N ickel oxide belongs to  th e  cubic  system  
(Space group Fm5m) and so a f t e r  c a lc u la t in g  th e  d sp ac in g s  and a ss ig n in g  
th e  r e f le x io n s , th e  v a lu e  o f th e  l a t t i c e  param eter a Q was c a lc u la te d  
u s in g  th e  fo rm ula:
d = a 0 • • • (83)
A,2 ,2 !2i’ h + k + 1
The v a lu es  o b ta in ed  a re  shown in  Tables 55 and 56.
The mean v a lu e  o f a i s  n o t n e c e s s a r i ly  th e  b e s t  v a lu e  as e r ro r so
a re  g r e a te r  f o r  low ang le  r e f le x io n s  and th u s  as th e  ang le  o f th e  
r e f le x io n  in c re a s e s ,  th e  v a lu e  o f th e  l a t t i c e  param eter w i l l  ten d  to  
i t s  b e s t  v a lu e . Such a tre n d  i s  c le a r ly  shown where th e  sm all camera 
was used  (T ab le  56) bu t i s  le s s  ev id en t where th e  la rg e  camera was used 
(T ab le  5 5 ). The r e s u l t s  a re  in  good agreem ent w ith  th e  v a lu e  aQ= 4.1769A 
g iven  by Swanson and Tatge [ 169] .  In  work o f h ig h  p re c is io n ,  th e  b e s t  
v a lu es  o f l a t t i o e  p a ram ete rs  a re  found by g ra p h ic a l  o r  a n a ly t ic a l  
e x tr a p o la t io n  te c h n iq u e s , d e t a i l s  o f  which a re  g iven  by Azarov and 
B uerger [1 6 5 ]- However, in  th e  p re se n t work, such methods a re  h a rd ly  
j u s t i f i a b l e  as  bo th  a b so rp tio n  and tem p era tu re  e f f e c t s  a re  n e g le c te d .
Both p re p a ra t io n s  o f n ic k e l  hydrox ide were s tu d ie d  by powder
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photography and d if f ra c to m e try , I t  was found th a t  th e  m a te r ia l  
p rep a red  by p r e c ip i t a t io n  w ith  sodium hydrox ide gave few er 
and more d if f u s e  l in e s  th an  th e  sample p rep ared  from th e  n ic k e l  
ammine complex. This d if fu se n e s s  i s  r e f le c te d  in  th e  r e l a t i v e l y  la rg e  
s c a t t e r  in  th e  va lu e  o f th e  param eter which i s  shown in (T ab le  37)*
The g r e a te s t  degree o f b roaden ing  was observed  w ith  th o se  l in e s  fo r  
which th e  index  1 was no t z e ro . The hkO r e f le x io n s  w ere, in  g e n e ra l ,  
much s h a rp e r . This o b se rv a tio n  was confirm ed by th e  shape o f th e  
d if f r a c to m e te r  t r a c e s ,  (F ig s ,  14 and 15*)
As th e  d if f r a c to m e te r  was n o t f i t t e d  w ith  a d is c r im in a to r  and 
n ic k e l  hydroxide gave a v e ry  h ig h  background, i t  was n o t p o s s ib le  to  
de term ine  th e  p o s i t io n s  o f as many r e f le x io n s  on th e  t r a c e s  as on th e  
p ho to g rap h s. The h igh  le v e l  o f th e  background a lso  made i t  im p o ssib le  
to  de term ine  th e  a re a s  under most o f th e  peaks and in c re a se d  th e  u n c e r ta in ty  
o f th o se  th a t  were m easured. However, as r e l a t i v e  v a lu e s  were r e q u ire d , 
t h i s  was p ro b ab ly  n o t too  s ig n i f i c a n t .
N ick e l hydrox ide belongs to  th e  hexagonal system  (Space group P'Sm) 
and th e  l a t t i c e  param eters  a re  r e la te d  to  th e  d sp ac in g s  and M ille r  
in d ic e s  by th e  form ula:
_ 4 _  • (h 2 + hk + k  ) + l 2 . . .  (84)
a 2  ~  •*  2  2d 3 a c
Hence, a Q may be c a lc u la te d  d i r e c t l y  from th e  hOO and hkO r e f le x io n s ,  '
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Although i t  i s  p o s s ib le  to  f in d  £ d i r e c t l y  from th e  001 r e f le x io n s ,  
t h i s  i s  n o t a  s a t i s f a c to r y  p rocedure as th e  on ly  s tro n g  001 r e f le x io n  
i s  001, which i s  u s u a lly  somewhat d i f f u s e .  With th e  sample p rep ared  
by p r e c ip i t a t io n ,  none o f th e  o th e rs  were v i s ib l e  and in  th e  case  o f 
th e  sample p rep a red  from th e  ammine, on ly  003 and 004 cou ld  be 
d is t in g u is h e d  and t h e i r  low in t e n s i t y  made them d i f f i c u l t  to  measure 
a c c u ra te ly .  C onsequently , th e  v a lu e  o f c Q was c a lc u la te d  u s in g  
e q u a tio n  (84) w ith  th e  b e s t  va lu e  o f a^ o b ta in ed  as d e sc rib e d  above*
The v a lu e s  o b ta in ed  a re  shown in  T ables 37-40* The rem arks p re v io u s ly  
made on th e  " b e s t ’’v a lu es  o f  l a t t i c e  p a ram eters  a re  e q u a lly  a p p lic a b le  
in  t h i s  c a se .
The 002 and 112 r e f le x io n s  were no t v i s ib l e  on th e  powder photo­
graphs and u s in g  th e  c a lc u la te d  v a lu es  o f th e  l a t t i c e  p a ram eters  i t  was 
found th a t  th ey  would be s u f f i c i e n t l y  c lo se  to  th e  101 and 201 re f le x io n s  
r e s p e c t iv e ly  f o r  th e  com binations to  be reco rd ed  as s in g le  l i n e s ,  
p a r t i c u l a r l y  as 002 and 112 a re  o f low i n t e n s i t y .  The p r o f i l e s  o f th e  
101 and 201 re f le x io n s  on a d if f ra c to m e te r  t r a c e  confirm ed t h i s  p re d ic tio n *  
C onsequently , th e  m easured i n t e n s i t i e s  f o r  th e  101 and 201 r e f le x io n s  w i l l  
in c lu d e  th e  c o n tr ib u tio n s  o f  002 and 112 r e s p e c t iv e ly .
The i n t e n s i t y  o f a r e f le x io n  on a powder photograph i s  p ro p o r tio n a l
to !
„2 1 + c o s 2 2 8  T Ajj p ----- ----------
s in  0 c o s8
where F i s  th e  s t r u c tu r e  am p litude , 
p i s  th e  m u l t ip l i c i ty ,
T i s  a tem p era tu re  f a c to r
A i s  an a b so rp tio n  f a c to r .
2 A 
1 COS 2 vThe q u a n ti ty  ------- —--------- i s  th e  fc a ^ e n tz -p o la r iz a tio n  f a c to r  Lp#
s in  0 cos B
m odified  f o r  a powder pho tograph . I t  i s  ta b u la te d  as a fu n c tio n  o f
s in 8  in  many o f th e  s ta n d a rd  works o f r e f e r e n c e .  In  th e  p re s e n t work*
v a lu es  were tak en  from H enry, L ipson and W ooster [1 7 0 ] .
The s t r u c tu r e  am p litu d e , F, i s  g iv en  f o r  any r e f l e c t i n g  p lan e
(h k l)b y  th e  e x p re ss io n
2 2 2 F = A + B
where
cos 2 ir (h x  + ky + la )
B = s in  2 w (h x  + ky + la )
where f  i s  th e  atom ic s c a t t e r in g  fa c to r*
In  tho  case  o f n ic k e l  hyd rox ide , on account o f i t s  symmetry 
p ro p e r t ie s  B = 0 . In  th e  id e a l  s t r u c tu r e ,  th e  c o -o rd in a te s  o f  th e
n ic k e l  io n s  a re  ( 0 ,0 ,0 )  and of th e  hydroxyl io n s  (l /3,  2 /3 , u) and
** 2 ( 2/ 3 , l / 3 ,  u) where u has th e  v a lu e  -J-, Hence th e  v a lu e  o f F i s  g iven
byi r  /h+2k
f .T. + f  cos 2tr — ----  4-  u lNi o 3
which i s  th e  form ula g iven  by C airns and 0tfc[68]« The symbol u i s  
r e ta in e d  to  a llow  th e  form ula to  be used to  c a lc u la te  th e  i n t e n s i t i e s  
f o r  s t r u c tu r e s  which d e p a rt s l i g h t l y  from i d e a l i t y  due to  v e r t i c a l  
d isp lacem en ts  o f th e  hydroxyl io n s  w ith in  th e  u n i t  c e l l .  The most 
g e n e ra l case  i s  covered  by th e  form ula g iven  in  th e  I n te r n a t io n a l  
Tables [ l 7 l ] ,  bu t t h i s  i s  r a th e r  more cumbersome to  u se .
V alues o f th e  atom ic s c a t te r in g  f a c to r s  o f th e  n ic k e l  atom and
th e  oxide io n  were tak en  from P ie s e r ,  Rooksby and W ilson [ l 7 2 ] .  These
a re  based  on th e  ex p erim en ta l d a ta  o f James and B rin d ley  [l7 3 ]*  More
2+r e l i a b l e  v a lu e s  f o r  th e  Ni io n  have been c a lc u la te d  by w ave-m echanical 
and s t a t i s t i c a l  p rocedures and th e se  a re  g iv en  in  th e  I n te r n a t io n a l  
T ables [ l7 4 ]«  The e r r o r  in tro d u ced  by n o t u s in g  them i s  n o t s ig n i f i c a n t  
as o th e r  e f f e c t s  such as d is p e r s io n  and a b so rp tio n  have been n e g lec te d  
and fu r th e rm o re , th e  e r ro r s  ten d  to  can c e l out when, as in  th e  p re s e n t 
c a s e , r e l a t i v e  i n t e n s i t i e s  a re  being  c a lc u la te d .  The s c a t t e r in g  f a c to r  
f o r  th e  hydroxyl io n  i s  no t a v a i la b le  and so th e  v a lu e  fo r  th e  oxide io n  
was ta k en  as a re a so n a b le  approx im ation . C airns and O tt [68] used 
v a lu e s  f o r  th e  oxygen atom.
The m u l t i p l i c i t i e s  f o r  th e  r e f le x io n s  a re  g iven  in  th e  s tan d a rd  
works m entioned p re v io u s ly . The v a lu es  used a re  g iv en  i n  Table 41*
I t  must be p o in te d  ou t th a t  fo r  th e  hOl r e f le x io n s ,  th e  m u l t ip l i c i ty  o f 
12 i s  com prised o f 6 fo r  hOl and 6 fo r  hOl. S im ila r ly , f o r  th o se  h k l
r e f le x io n s  in  which h = k , th e re  a re  12 f o r  h k l and 12 f o r  h k l ,  This 
must he tak en  in to  account when c a lc u la t in g  th e  i n t e n s i t i e s ,  as in  some, 
hu t n o t a l l  c a se s , th e  two c o n tr ib u tio n s  can c e l each o th e r  o u t, th e  101 
r e f le x io n  h e in g  a good exam ple.
The c a lc u la te d  r e l a t i v e  i n t e n s i t i e s ,  assum ing u = a re  g iven  in  
Tahle 41* They a re  compared w ith  th e  m easured v a lu es  o b ta in ed  from 
d if f ra c to m e te r  t r a c e s  in  Tahle 42,
TABLE 55
Powder photograph  u s in g  114* 6 mm. cam era.
Sample p rep a red  by ig n i t io n  o f n ic k e l  hydroxide made by p r e c ip i t a t io n  
m ethod.
h k l e
(d eg rees)
s in  '0 d
( ! ) <S)
111 18.61 0*31913 2,414 4.181
200 21.65 0.36893 2.088 4.176
220 31*47 0.52205 1.475 4.171
311 37.72 0.61227 1,258 4.173
222 39*74 0.63976 1*204 4.171
400 47*56 0.73799 1.044 4*176
331 53*49 0,80374 0.9583 4.177
420 55.56 0.82472 0.9340 4*177
422 64*61 0.90342 0.8526 4.177
511 65.83 0.95797 0.8040 1 4.178
TABLE 36
Powder photograph u s in g  57 .3  mm. cam era.
Sample p rep a red  by ig n i t io n  o f n ic k e l  hydrox ide made 
from n ic k e l  ammine.
h k l e
(d eg rees)
s in  0 d
a )
a00
A
111 18.67 0.32012 2.406 4.167
200 21.68 0.36925 2.086 4.172
220 31.51 0.52265 1.474 4.168
311 37.79 0.61277 1.257 4.169
222 39.82 0*64038 1.203 4.167
400 47.62 0.73869 1.043 4.172
331 53.54 0.80428 0.9574 4.173
420 55.65 0.82560 0.9330 4.172
422 64.68 0.90394 0.8521 4.174
511 73.41 0.95837 0.8037 4.176
The l a t t i c e  -parameters o f n ic k e l hydroxide
TABLE 37
Powder photograph , u s in g  mm. cam era.
Sample p rep a red  by p r e c ip i t a t io n  w ith  sodium h ydrox ide .
h k l (d eg rees) s in  6 d0
A
a 0
_................(X) ................
c
oO
(A )
001 9.56 0.16608 4.638 4.638
100 16.57 0.28519 2.701 3.119
101 19.21 0.32903 2.341 4.679
102 26.09 0.43977 1*751 4.599
110 29.56 0.49333 1.561 3.123
111 31.38 0.52051 1.480 4.649
200 34.71 0.56942 1,353 3.124
103 33.22 0.57672 1.336 4.608
201 36.36 0.59285 1,299 4.701
202 41.32 0.66026 1.167 4.615
210 49.00 0.75471 1.021 3.118
211 50.50 0.77162 0.9983 4.614
212 55.42 0.82333 0.9355 4.637
300 58.70 0.85446 0.9014 3.123 1
301 60.30 0.86863 0.8867
TABLE 3 8
D iff ra c to m e te r  t r a c e .
Sample as above.
h k l 8
(d e g re es)
s in  © d0
A
aoo
A
c
f
001 9.55 0.16591 4.643 4.643
100 16.54 0.28469 2.706 3.124
101 19.25 0.32969 2.336 4.629
102 26.05 0.43915 1.754 4*606
110 29.52 0.49272 1.563 3.126
111 31.33 0.51993 1.481 4.660
200 34.71 0.56942 1.353 3.124
201 36.37 0.59300 1.299 4.633
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TABLE 39
Powder pho tograph , u s in g  114#6 mm, camera 
Sample p rep a red  from a n ic k e l  ammine
h k l 0
degrees
s in  6
A
o 
•
c
A°
001 9.61 0,16697 4.613 4,613
100 16.50 0.28402 2,712 3,132
101 19.22 0.32920 2.340 4*634
102 26,03 0.43884 1.755 4.606
110 29.48 0.49219 1,565 3.130
003 30.12 0,50181 1*535 4.605
111 31.32 0.51982 1,482 4.604
200 34.65 0.56856 1.355 3.129
103 35.22 0,57679 1.335 4.604
201 36.36 0.59285 1,299 4.604
202 41.27 0.65960 1.168 4.601
004 42.04 0.66964 1.150 4.601
113 44.66 0.7C289 1,096 4.604
104 46,66 0.72729 1.059 4*602
210 48.81 0.75253 1*024 3.127
203 49.33 0.75848 1*015 4,613
211 50,41 0,77057 0,9996 4.557
212 55.47 0.82384 0.9350 4,572
114 56.25 0.83146 0.9264 4,600
300 58.45 0.85215 0.9039 3.131
301 60,34 0,86898 0,8864 4.568
204 61.29 0,87706 0.8782 4.612
105 6 2 • 16 0.88425 0.8711 4.599
213 64.66 0,90379 0.8522 4,606
302 66,21 0.91503 0.8418 4.632
115 76,15 0.97090 0.7933 4.602
220 79.96 0,98455 0,7823 3.129
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TABLE 40
D iffra c to m e te r  t r a c e .
Sample as f o r  Table 39.
h k l
degrees
s in d
2 1°
c
1°
001 9.60 0.16647 4.619 4.619
100 16.49 0.28584 2,714 5,154
101 19.25 0.52956 2 c 559 4.616
102 26.00 0.45857 1.757 4,615
110 29,47 0.49196 1,566 5.152
111 31*50 0,51952 1.485 4.605
200 54.60 0,56784 1.557 5.155
105 55.20 0,57645 1,556 4,607
201 56.50 0,59201 1.501 4.611
115 44.59 0,70205 1.097 4.615
104 46,59 0,72645 1,060 4.607
210 48.70 0.75126 1.025 5.152
205 49.50 0,75815 1,016 4.601
211 50.55 0.76996 1,000 4.575
212 55.57 0.82284 0.9561 4.602
114 56.16 0.85059 0,9274 4.604
500 58.49 0.85255 0.9055 5.130
215 64.77 0.90461 0.8515 4.587
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TABLE 41
C a lc u la tio n  o f i n t e n s i t i e s  o f X -ray r e f le x io n s  
o f n ic k e l
h k l •H
1i-----— f P
_2F P 4Lp 
s in  0
i / i  ' 0
001 24.60 7 .73 605.2 2 68.84 100
100 21.32 5.82 240,3 6 22.02 38
101 20.20 5.22 ! 408.0 12 15.76 93
002 20.02 5.17 ! 95.7 2 15.23 4
102 17.67 4 .03 470,9 12 7,964 54
110 16.65 5.55 564.0 6 6.000 24
003 16.47 5.48 271,3 2 5.722 4
111 16.15 5.55 260.9 12 5.247 20
200 15.32 2.98 152,3 6 4.230 5
103 15.22 2.95 231.7 12 4.090 14
201 14.95 2.83 223.5 12 3.844 12
112 14.95 2,75 88 .9 12 3,811 5
202 14.00 2.47 271.3 12 3.109 12
004 13.86 2.42 348.9 2 3.034 3
113 13.46 2.30 181.2 12 2.846 7
104 15.17 2.22 119.9 12 2.764 5
210 12.89 2.15 115.5 12 2.729 5
203 12.83 2 .13 165*0 12 2,728 6
211 12.70 2.10 161.3 24 2.735 13
212 12.15 1.96 199.1 24 2.931 17
114 12,07 1.95 255.0 12 2.985 11
300 11.87 1.91 140.9 6 3.170 3
301 11.71 1 .88 137.1 12 3.378 7
204 11.63 1.86 . 95.5 12 3.491 5
105 11.56 1.85 133,6 12 3.609 7
213 11.38 1.82 129.5 24 4,009 15
302 11.28 1.80 59.0 12 4.308 4
115 10.80 1.72 11666 12 7,905 13
220 10.67 1.70 198.0 6 11.14 16
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TABLE 42
Comparison of c a lc u la te d  and observed i n t e n s i t i e s  o f X -ray 
r e f le x io n s  f o r  a powder specimen o f n ic k e l  hydroxide
h k l 1/ 1 C alc .
0
Observed
0
Sample 1 Sample 2
1 001 100 100 100
100 38 26 29
101+002 97 80 99
102 54 27 49
110 24 20 24
111 20 14 18
201+112 17 13
Sample 1 p rep a red  by p r e c ip i t a t io n  w ith  sodium 
h y d ro x id e •
Sample 2 p rep ared  from n ic k e l  ammine.
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S E C T I O N  5
DISCUSSION
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5^1. The k in e t ic  model
The k in e t i c  d a ta  f o r  a l l  th re e  hydroxides s tu d ie d  have been 
in te r p r e te d  in  term s o f th e  c o n tra c tin g  c i r c l e  model o f S e c tio n  1 .3 .
This im p lie s  th a t  an i n t e r f a c i a l  p ro cess  i s  th e  r a t e  c o n t r o l l in g  s te p  and 
th a t  th e  k in e t ic s  a re  n o t determ ined  by a p ro cess  o f nuc leus grow th. The 
shape o f th e  iso th e rm a l decom position  cu rves su p p o rts  t h i s .  W ith n ic k e l 
hydroxide in  p a r t i c u l a r ,  on ly  sh o r t  in d u c tio n  p e rio d s  were observed , a 
f e a tu r e  c h a r a c t e r i s t i c  o f th o se  re a c t io n s  in  which an i n t e r f a c i a l  p ro cess  
i s  r a t e  c o n t r o l l in g .  The s h o r t  in d u c tio n  p e rio d  may be due to  th e  f i n i t e  
tim e re q u ire d  f o r  th e  sample to  reach  th erm al e q u ilib r iu m  o r to  th e  f i n i t e  
tim e re q u ire d  fo r . th e  fo rm atio n  o f  th e  in t e r f a c e .  The form er i s  p robab ly  
more im p o rtan t and would account fo r  th e  r a th e r  l a r g e r  ap p aren t in d u c tio n  
p e rio d  observed  w ith  fe r ro u s  hydroxide in  th o se  runs where a h ig h  decompos­
i t i o n  r a t e  was u sed . A r e l a t i v e l y  h ig h  c o n c e n tra tio n  o f n u c leu s-fo rm in g  
s i t e s  may be expected  in  a l l  th e se  h y d ro x id es . I t  i s  w e ll known th a t  
compounds p rep a red  by p r e c ip i t a t io n  have a somewhat d iso rd e re d  s t r u c tu r e  
w ith  many c ra c k s , d is lo c a t io n s  e t c a , a l l  o f which a re  fav o u rab le  s i t e s  fo r  
n u c le a t io n , This d is o rd e r  i s  one o f th e  causes o f l in e  b roaden ing  in  X -ray 
powder photographs and may account f o r  th e  d if fu se n e s s  o f th e  l in e s  and th e  
la c k  o f b a c k - re f le x io n s  from th e  n ic k e l  hydrox ide sample p rep a red  by p re c ip ­
i t a t i o n  w ith  sodium h y d ro x id e . In  th e  case  o f n ic k e l  hy d ro x id e , th e  
p r e c ip i t a t e  was ground b e fo re  u se , a p ro cess  which a lso  in c re a s e s  th e
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number o f n u c le i .  A part from th e se  f a c to r s ,  i t  appears th a t  in  hydrox ides 
o f  th e  MgCOH)  ^ ty p e , th e  o r ig in a l  l a t t i c e  p lan es  can se rv e  as n u c le i ,  no 
s p e c ia l  n u c le a t io n  be in g  n e ce ssa ry  [ l 7 5 l .
I t  i s  to  be expected  from c ry s ta l lo g ra p h ic  c o n s id e ra tio n s  th a t  th e  
grow th o f  th e  in te r f a c e  w i l l  ta k e  p la ce  in  two dim ensions from th o se  fa c e s  
p a r a l l e l  to  th e  c a x is  o f  th e  hydroxide c r y s t a l .  There i s  l i t t l e  change 
in  th e  s e p a ra t io n  o f th e  m etal io n s  in  p a ss in g  from th e  hydrox ide to  th e  
oxide l a t t i c e  (3*12 to  2 .95 2. ) ,  bu t th e  s e p a ra t io n  between th e  la y e r s  
changes from 4*60 to  2*4l2  as two hydroxyl la y e r s  a re  re q u ire d  to  form 
one la y e r  o f oxide io n s . There i s  a lso  a change in  th e  s ta c k in g  p a t te r n
from  th e  ABAB.• . sequence o f th e  hexagonal la y e r s  to  th e  ABCABC... sequence 
o f  th e  cub ic  l a t t i c e .  I f  th e  r e a c t io n  were to  ta k e  p la ce  by p e n e tr a t io n  
o f  an in te r f a c e  in to  th e  c r y s ta l  in  th e  c d i r e c t io n ,  i t  i s  to  be expected  
th a t  th e  o r ie n ta t io n  r e la t io n s h ip ,  which has been dem onstrated  to  e x i s t  
in  th e  magnesium hydroxide system , would be d e s tro y ed . Furtherm ore, such 
a p ro c e ss  would be e n e r g e t ic a l ly  le s s  fav o u rab le  th an  d i f f u s io n  in  th e  p lan e  
o f  th e  la y e r s  as i t  would in v o lv e  movement o f hydroxyl io n s  o r w a ter 
m olecu les th rough  th e  c lo se  packed magnesium p la n e s . Anderson and H orlock 
[ 103] showed th a t  f o r  magnesium h ydrox ide , more th an  QOfo o f th e  r e a c t io n  
o ccu rred  round th e  p e rim e te r  o f th e  c r y s t a l .  There was a lso  some tw o- 
d im ensional grow th from p o in t so u rc e s , bu t th e  r a t e  o f  - grow th was th e  same 
as th a t  o f  th e  main i n t e r f a c e .  The f a c t  th a t  Anderson and H orlock were
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a b le  to  c a lc u la te  r a t e s  o f r e a c t io n  ’’p e r  exposed hydroxyl p a ir "  on th e  
b a s is  o f t h i s  model which were in  agreem ent f o r  th re e  d i f f e r e n t  samples 
o f  magnesium hydroxide and were a lso  s a t i s f a c to r y  from a b so lu te  r a t e  
c o n s id e ra tio n s  i s  good evidence f o r  th e  v a l i d i t y  o f th e  m odel.
5*2. The k in e t ic s  and mechanism o f th e  decom position  r e a c t io n s .
5«2 n- l Fer r ous  hydroxide
A lthough th e  ex p erim en ta l r e s u l t s  showed th a t  th e  prim ary  r e a c t io n  
in  th e  decom position  o f fe r ro u s  hydroxide i s :
Fe(0H)2 = FeO + HO 
hav ing  re g a rd  to  th e  known r e a c t i v i t y  o f f e r ro u s  hydroxide w ith  r e s p e c t  
to  w a te r , i t  i s  c e r ta in  th a t  some m ag n etite  would be formed acco rd in g  to  
th e  re a c t io n s
3FeO + H_0 = Fe_0. + H_2 3 4 2
C onsequently , th e  e f f e c t s  o f t h i s  on th e  measured k in e t ic s  must be considered^  
There w i l l  be no change in  th e  volume o f th e  gaseous p roduct as a r e s u l t  o f 
t h i s  r e a c t io n  and so any e f f e c t  on th e  k in e t ic s  w i l l  be due to  th e  r e l a t i v e  
r a t e s  o f th e  two r e a c t io n s .  There a re  good rea so n s  f o r  supposing  th a t  th e  
fo rm atio n  o f m ag n etite  from fe r ro u s  oxide w i l l  be f a s t e r  th a t  th e  decom posit­
io n  o f f e r ro u s  hydroxide to  f e r ro u s  oxide and th e se  w i l l  be d iscu ssed  l a t e r  
i n  t h i s  s e c tio n *  Hence, as th e  s lo w est r e a c t io n  determ ines th e  measured 
r a t e ,  we a r e ,  in  f a c t ,  s t i l l  m easuring  th e  k in e t ic s  o f th e  p rim ary
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decom position .
For a r e v e r s ib le  endotherm ic decom position , th e  m easured a c t iv a t io n
energy  and th e  h e a t o f r e a c t io n  should  be approx im ate ly  e q u a l. F urtherm ore ,
th e  v ib r a t io n a l  f r e q u e n c y ,V , o f th e  Po lany i-W igner eq u a tio n  (S e c tio n  1.3>
XI 12eq u a tio n  26)* l|ou ld  be in  th e  range 1 0 - 1 0  . In  th e  p re s e n t c a se , th e
d a ta  a v a i la b le  d id  n o t a llow  th e  a p p l i c a b i l i ty  o f th i s  e q u a tio n  to  be te s te d ^  
b u t th e  work o f Gregg and Razouk [ l0 5 ]  and Anderson and H orlock [ l0 3 ]  showed 
th a t  i t  h e ld  f o r  th e  analogous magnesium hydrox ide system .
For th e  r e a c t io n :
Fe(0H)2 ( s )  = FeO(s) + H20(g) 
th e  e n th a lp y  o f  r e a c t io n  a t  25° was c a lc u la te d  to  be 14 .3  k . c a l s .  p e r  m ole, 
which i s  some 8 k . c a l s .  p e r  mole le s s  th an  th e  measured a c t iv a t io n  energy . 
D isc rep an c ies  such as t h i s  have been a t t r i b u t e d ,  in  ca rb o n ate  system s, to  
a la c k  o f r e v e r s i b i l i t y  [ 176] ,  bu t Anderson and H orlock [ 103] su g g est th a t  
d if f e r e n c e s  o f t h i s  m agnitude which th ey  observed  between th e  r e s u l t s  f o r  
b r u c i te  c r y s ta l s  and magnesium hydroxide powders may have been due to  th e  
d e layed  c r y s t a l l i z a t i o n  o f th e  magnesium o x id e . I t  i s  known th a t  t h i s  can 
le a d  to  exotherm ic p ro c e sse s  in  th e  f i n a l  s ta g e s  o f  (o v e ra l l )  endotherm ic 
re a c t io n s  [17 7 ,1 7 9 ]- In  some c a se s , h e a ts  o f tra n s fo rm a tio n  o f "amorphous" 
to  c r y s t a l l i n e  p ro d u c ts  have been m easured, am ounting to  approx im ate ly  
7 * k .c a ls ,  p e r  mole [ l7 9 ] .  In  cases  where n u c le a tio n  i s  th e  r a t e  c o n tr o l l in g  
s te p ,  th e  m easured a c t iv a t io n  energy  may w e ll c o n ta in  some p ro p o r tio n  o f th e
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energy re q u ire d  f o r  n u c le a t io n , However, in  t h i s  c a se , in  view o f p rev io u s  
c o n s id e ra t io n s , t h i s  i s  u n lik e ly  to  he a c o n tr ib u t in g  f a c to r .
In  c o n s id e rin g  th e  o v e ra l l  n a tu re  o f th e  r e a c t io n ,  i t  i s  h e lp fu l  
to  compare th e  thermodynamic d a ta  f o r  th e  v a r io u s  p o s s ib le  s ta g e s .  These
a re  summarized below ( a l l  q u a n t i t ie s  a re  c a lc u la te d  f o r  298°K)
1 . Fe(0H)2 ( s )  = FeO ( s )  + H20 (g)
AH -  14*3 k . c a l s . ,  AG = 2 .6  l o c a l s ,  p e r  mole o f Fe(0H )2
2-> 3FeO ( s )  + H20 (g ) = F e ^  (s )  + H2 (g)
A h  = - 6 ,0  k.cals,AG = - 4 . 2  k. cals. per mole of FeO
3. 4FeO ( s )  = Fe^O^ ( s )  + Fe (s )
A H  = -3*0 k . c a l s . , A h = - 2 .2  k . c a l s .  p e r  mole o f FeO
4 . 3Fe(0H)2 ( s )  = F e ^  ( s )  + 2 ^ 0  (g ) + H2 (g)
A H  = 8 ,3  k . c a l s ,  AG = - 1 .7  k . c a l s .  p e r  mole o f Fe(0H)2
I t  i s  u n fo r tu n a te  th a t  d a ta  a re  only  a v a i la b le  f o r  25°C, b u t even so , 
a number o f p o in ts  em erge. I t  can be seen  th a t  r e a c t io n  2 i s  thermodynamic­
a l l y  favou red  w ith  re s p e c t  to  r e a c t io n  1 and can , th e r e f o r e ,  be expected  to  
p roceed  more r e a d i ly .  I t  would a lso  seem p ro b ab le  th a t  any a c t iv a t io n  
energy  a s s o c ia te d  w ith  r e a t io n  2 would be sm all and hence th e  m easured
a c t iv a t io n  energy  f o r  r e a c t io n  4 , which i s  th e  summation o f  re a c t io n s
1 and 2 , would be th a t  o f  r e a c t io n  1 , I t  i s  no t p o s s ib le  to  say , from th e  
thermodynamic d a ta , to  what e x te n t r e a c t io n  3 w i l l  p ro ceed . However, from 
th e  work o f Chawdron e t  a l .  [58 -60] i t  i s  most u n lik e ly  th a t  i t  would p roceed
to  a m easurable e x te n t a t  th e  tem p era tu res  used in  th e  p re se n t work.
The re a c t io n s  above a r e ,  o f c o u rse , a m a n ife s ta tio n  o f th e  r e l a t i v e
s t a b i l i t i e s  o f th e  fe r ro u s  and f e r r i c  io n s  and th e  v a rio u s  e f f e c t s  a s s o c ia te d
w ith  th e s e .  The m agnitudes o f th e  io n iz a t io n  p o te n t ia l s  a re  a good guide
to  th e  ease  o f fo rm atio n  o f th e  t r i v a l e n t  s t a t e .  Thus, in  going  from
ir o n  to  n ic k e l ,  th e  3rd  io n iz a t io n  p o te n t ia l  in c re a s e s  from 30.64 to
35«16 eV [ l8 C ] , which coupled w ith  an in c re a s e  o f 2 eV in  th e  2nd io n iz a t io n
p o te n t i a l  i s  a s u f f i c i e n t  change to  in d ic a te  th a t  N i ( l l l )  w i l l  n o t be
formed so r e a d i ly  as F e ( l l l ) .  The fe r ro u s  io n  has a d c o n f ig u ra t io n ,
5
w h ils t  th e  f e r r i c  io n  i s  d . Hence, w ith  th e  oxide io n , which has a weak 
c r y s t a l  f i e l d ,  th e  fe r ro u s  s t a t e  i s  s t a b i l i z e d  in  bo th  o c ta h e d ra l  and 
te t r a h e d r a l  env ironm ents. This e f f e c t  would be expected  to  s t a b i l i z e  
fe r ro u s  o x id e , bu t o th e r  f a c to r s  a re  o b v io u sly  o f g r e a te r  im portance in  t h i s  
c a s e .
2+  3+  2+In  a norm al s p in e l ,  M 0^, th e  M io n s  occupy te t r a h e d r a l
3+s i t e s  and th e  M io n s  o c ta h e d ra l s i t e s .  In  m a g n e tite , however, th e  
f e r ro u s  ions occupy h a l f  th e  o c ta h e d ra l s i t e s ,  th e  te t r a h e d r a l  s i t e s  be ing  
occupied  by h a l f  th e  f e r r i c  io n s .  I t  i s  s a id  to  be an in v e r te d  s p in e l ,
This in v e rs io n  i s  due to  th e  f a c t  th a t  only  th e  fe r ro u s  io n s  a re  s e n s i t iv e  
to  c r y s t a l  f i e l d s .  Hence, i t  i s  to  be expected  th a t  th ey  w i l l  go to  th e  
o c ta h e d ra l s i t e s  in s te a d  o f th e  t e t r a h e d r a l  s i t e s ,  because th e se  p rov ide  
th e  maximum c r y s t a l - f i e l d  s t a b i l i z a t i o n  [ l 8 l ] .  As a r e s u l t  o f t h i s ,  ~
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m ag n etite  has fe r ro u s  and f e r r i c  io n s  in  e q u iv a le n t l a t t i c e  s i t e s  and so 
t r a n s f e r .o f  e le c tro n s  can ta k e  p la ce  r e a d i ly ,  which accoun ts  f o r  i t s  h igh  
e l e c t r i c a l  c o n d u c tiv ity , One can a lso  suppose th a t  th e  d i f f u s io n  o f 
fe r ro u s  io n s  in  m agnetite  would be a r e l a t i v e l y  easy  p ro c e ss .
S t r u c tu r a l  argum ents would a lso  le a d  us to  expect a read y  co n v ersio n
o f  f e r ro u s  oxide to  m a g n e tite . I f  we have a cub ic  c lo se -p ack ed  a r ra y  o f
oxide io n s  in  which a l l  th e  o c ta h e d ra l h o le s  a re  f i l l e d  by fe r ro u s  io n s ,
th e n  we o b ta in  th e  id e a l  FeO s t r u c tu r e .  In  p r a c t ic e ,  FeO i s  n o n -s to ic h io -
m e tr ic ,  th e  com position  u s u a lly  be in g  c lo se  to  Fe QC-0# To o b ta in  t h i s ,o.yy
15fo o f  th e  f e r ro u s  io n s  would be re p la c e d  by tw o - th ird s  t h e i r  number o f 
f e r r i c  io n s .  I f  the  p ro cess  i s  co n tinued  u n t i l  tw o - th ird s  o f  th e  i ro n  
io n s  a re  f e r r i c  and h a l f  o f  th e se  m ig ra te  to  te t r a h e d r a l  s i t e s ,  th en  we 
have m ag n e tite  [ l8 2 ] .  The work o f  Roth [ l3 2 ]  on th i s  system  has been 
m entioned p re v io u s ly  (S e c tio n  1 .4 .)#  The o x id a tio n  o f fe r ro u s  oxide to  
m a g n e tite , a cco rd in g  to  W ells [ l8 3 ]  may be v is u a l iz e d  as th e  a d d it io n  o f 
oxide io n  la y e r s  to  th e  FeO l a t t i c e ,  fo llow ed  by m ig ra tio n  o f i ro n  io n s  
in to  a p p ro p r ia te  ho les.. These f a c t s  ag a in  le a d  us to  expect th a t  th e  
co n v ersio n  o f fe r ro u s  oxide to  m agnetite  would have a low a c t iv a t io n  en erg y .
Wo experim ents were c a r r ie d  out in  th e  p re s e n t work which could  g ive  
in fo rm a tio n  on th e  s t r u c t u r a l  r e la t io n s h ip s  betw een th e  f e r ro u s  hydrox ide 
and fe r ro u s  o x id e . However, i n  view o f r e s u l t s  o b ta in ed  w ith  n ic k e l  
hydroxide ( q . v . ) ,  th e re  seems no reaso n  to  doubt th a t  fe r ro u s  hydrox ide would 
n o t behave s im i la r ly  and e x h ib i t  th e  ty p ic a l  behav iou r o f  th e  Mg^H^-MgO
system . The tra n s fo rm a tio n  o f fe r ro u s  oxide to  m ag n etite  would be 
expected  to  be to p o ta c t ic  in  view o f th e  above c o n s id e ra tio n s  and i t  has 
been shown by C ollongues [ l8 4 ]  th a t  t h i s  i s  so .
The re a c tio n s
4FeO = Fe„0„ + Fe 3 4
would be expected  to  produce i ro n  as e x so lu tio n  la m e llae  on th e  su rfa c e  o f 
th e  m a g n e tite . I t  i s  n o t known i f  th e re  a re  any p re fe r re d  o r ie n ta t io n s  
i n  t h i s  p ro c e ss .
5 ,2 .2 .  M c k e l hydroxide 
t The decom position  in  t h i s  case  i s  n o t com plicated  by secondary  
r e a c t io n s  le a d in g  to  th e  fo rm atio n  o f h ig h e r  o x id e s . The r e l a t i v e  s t a b i l i t  
i e s  o f N i ( l l )  and N i ( l l l )  can be c o r r e la te d  w ith  th e  m agnitudes o f th e  
io n iz a t io n  p o te n t ia l s  when compared w ith  th e  o th e r  e lem ents o f th e  f i r s t  
row t r a n s i t i o n  s e r i e s .  C r y s ta l - f i e ld  s t a b i l i z a t i o n  a lso  fav o u rs  N i ( l l )  as 
i n  th e  oxide i t  w i l l  be in  a s p in - f r e e  s t a t e  in  an o c ta h e d ra l s i t e .
For th e  r e a c t io n :
M (0H )2 ( s ) = NiO(s) + H^O (g)
a t  298° K ,AH « 12 .4  k . c a l s .  p e r  mole andAG = - 2 .0  k . c a l s .  p e r  m ole.
I t  can be seen  th a t  th e re  i s  a s im i la r  d isc rep an cy  between th e  measured 
a c t iv a t io n  energy  and th e  h e a t o f r e a c t io n  to  th a t  found fo r  fe r ro u s  
h y d ro x id e , Though t h i s  may be p a r t ly  due to  th e  i r r e v e r s i b i l i t y  o f the
decom position , i t  i s  p o s s ib le  th a t  i t  i s  caused  by delayed  c r y s t a l l i z a t i o n  
o f  th e  o x id e . This i s  no t c e r ta in *  however, f o r  i t  i s  known th a t  even 
low vapour p re s su re s  o f w ater may cause c r y s t a l l i z a t i o n  o f magnesium 
pxide [ l8 5 ]  and in  th e  f a i r l y  th ic k  beds o f  powder used in  t h i s  work, th e  
impedance to  th e  escape o f  w ater vapour would produce r e l a t i v e l y  h igh  lo c a l  
p re s su re s  which would p ro b ab ly  have a s im i la r  e f f e c t  on n ic k e l  o x id e . The 
X - r a y  ev idence i s  n o t c o n c lu s iv e . The powder photographs o f  p a r t i a l l y  
decomposed sam ples on ly  showed two oxide r e f le x io n s ,  b o th  r a th e r  d i f f u s e .  
This could  be due e i t h e r  to  low c r y s t a l l i n i t y  o r to  th e  sm alln ess  o f th e
oxide c r y s t a l l i t e s .  The b a lan ce  o f th e  ev idence does seem to  su g g es t t h a t
\
d e layed  c r y s t a l l i z a t i o n  i s  n o t an im p o rtan t e f f e c t  in  t h i s  c a se .
Both th e  X -ray and in f r a - r e d  s tu d ie s  showed c o n c lu s iv e ly  th a t  th e  
f i n a l  p ro d u c t o b ta in ed  in  iso th e rm a l decom positions and th e  p ro d u c t 
co rre sp o n d in g  to  an ap p aren t 80fo  decom position  in  th e  n o n -iso th e rm a l runs 
was e n t i r e l y  n ic k e l  o x id e . The observed  behav iou r can be ex p la in ed  i f  
th e  w a te r produced in  th e  decom position  i s  adsorbed  by th e  o x id e . This 
would r e s u l t  in  a  s p u r io u s ly  low w eight lo s s ,  th e  e f f e c t  becoming g r e a te r  
as th e  r e a c t io n  p ro g re s se s . This i s  in  agreem ent w ith  th e  o b se rv a tio n s  
t h a t  th e  k in e t ic  e q u a tio n s  used  on ly  f i t t e d  th e  d a ta  up to  a '* ^  o .6  in  
b o th  iso th e rm a l and n o n -iso th e rm a l ru n s . I t  a lso  e x p la in s  why, in  th e  
n o n -iso th e rm a l ru n s , th e  c a lc u la te d  a c t iv a t io n  energy d ecreased  w ith  
in c re a s in g  a .  I t  i s  known from ex p erim en ta l [ l8 6 ]  and th e o r e t i c a l  [ l8 7 ]
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ev idence th a t  E i s  n o t c o n s ta n t w ith  te m p e ra tu re , b u t i t  i s  u n l ik e ly  
t h a t  t h i s  e f f e c t  would be a s u f f i c i e n t  o r r e a l i s t i c  reaso n  f o r  th e  observed 
changes, in  view o f th e  above c o n s id e ra t io n s .
The a d so rp tio n  o f w a ter by r e a c t io n  p ro d u c ts  i s  a w e ll known 
phenomenon [ l0 3 ] ,  b u t in  th e  case  o f n ic k e l  oxide we may expec t t h i s  e f f e c t  
to  be more pronounced because o f i t s  e l e c t r i c a l  p r o p e r t ie s .  A lthough th e  
s t a t e  i s  n o t e a s i ly  form ed, a c e r ta in  amount i s  known to  be p re s e n t 
in  th e  o x id e . The in c o rp o ra t io n  o f N i ( l l l )  in to  th e  I&O la t t ic e  m llp ro d u ee  
c a t io n  v acan c ies  to  p re se rv e  e l e c t r i c a l  n e u t r a l i t y .  Thermal energy may 
a llow  th e  p o s i t iv e  h o le s  to  become m obile and th u s , i f  an e x te rn a l  f i e l d  
i s  a p p lie d , th ey  can c a r ry  a c u r r e n t .  As a r e s u l t  o f t h i s ,  th e  compound 
e x h ib i ts  s e m i-c o n d u c tiv ity . I t  i s  s a id  to  be a p -  type  ( i . e .  p o s i t iv e  
h o le )  sem i-conducto r as d i s t i n c t  f ro n  an n -ty p e  ( i . e .  trap p ed  e le c tro n )  
sem i-co n d u c to r. Both FeO and CoO a re  p -ty p e  sem i-co n d u c to rs , th e  same 
k in d  o f d e fe c t  be in g  p re s e n t as in  NiO* The in c o rp o ra tio n  of low er va len ce  
c a t io n s  e .g .  Na+ in to  th e  l a t t i c e  w i l l  in c re a s e  th e  c o n c e n tra tio n  o f  N i ( l l l )  
and in  th e  case  o f th e  n ic k e l  hydroxide p rep a red  by p r e c ip i t a t io n  w ith  
sodium hy d ro x id e , t h i s  may have been in s tru m e n ta l  in  cau s in g  th e  fo rm atio n  
o f  th e  b la c k  o x id e . However, flam e pho to m etric  a n a ly s is  showed th a t  th e  
sodium im p u rity  in  th e  oxide was o f  th e  o rd e r  o f  0 .1 fo which i s  n o t a 
s ig n i f i c a n t  amount. In  th e  experim ents c a r r ie d  ou t in  a i r ,  th e  p resence  
o f  oxygen may have been im p o rtan t in  th e  p ro d u c tio n  o f th e  d e fe c t s tru c tu re *
O x y g e n  i s  adsorbed  by NiO and a ls o  CoO by a p ro cess  o f an io n ic  
ch em iso rp tio n  known as cum ulative  c h em iso rp tio n . The oxygen g a in s  e le c tro n s  
from th e  f u l l  conduction  band o f th e  NiO, le a d in g  p o s s ib ly  to  th e  fo rm atio n  
o f  chem ical bonds. In  th e  case  o f NiO, th e  oxygen can be in c o rp o ra te d  
in to  th e  l a t t i c e  by th e  fo rm atio n  o f more c a t io n  vacancies*  The e f f e c t  is*  
however, sm all a t  room tem p era tu res  and low p re s s u re s , o rd in a ry  chem iso rp tio n  
b e in g  th e  more im p o rtan t p ro c e s s . At h ig h e r tem p era tu res  and p re s s u re s ,  
i t  becomes in c re a s in g ly  im p o rtan t and above 500 -  400°C i s  th e  more ra p id  
o f  th e  two [ l8 8 ] .  W ith CoO, on th e  o th e r  hand, in c o rp o ra tio n  i s  ra p id  
even a t  low te m p e ra tu re s , due, most p ro b ab ly  to  a low er v a lu e  o f  W^ , 
th e  energy  re q u ire d  to  form a c a t io n  vacancy. In  th e  case  o f  FeO, th e  
v a lu e  o f W  ^ must be v e ry  low as in c o rp o ra tio n  i s  so g re a t  th a t  a com plete 
chem ical tra n s fo rm a tio n  ta k e s  p la c e . This t re n d  i s  in  g e n e ra l agreem ent 
w ith  th e  known r e l a t i v e  ease  o f fo rm atio n  o f th e  t r i v a l e n t  s t a t e  in  th e se  
e lem en ts . The decom positions in  vacuo o f th e  hydroxide p rep a red  from th e  
ammine showed th a t  a lth o u g h  th e  p resence  o f oxygen gas may have a id ed  th e  
fo rm atio n  o f  N i( I I I ) ,  i t  was no t e s s e n t i a l .  There must be i n te r n a l  e le c tro n  
t r a n s f e r  p ro c e sse s  which enab le  N i ( l l l )  to  be form ed, though th e  n a tu re  o f 
th e se  would be pure  s p e c u la t io n .
W ith w a te r , th e  a d so rp tio n  p ro cess  i s  expected  to  be one o f  p h y s ic a l  
a d so rp tio n , r a th e r  th an  ch em iso rp tio n . In  t h i s  c ase , th e re  would be no 
exchange o f e le c tro n s  between a d so rb a te  and a d so rb en t, th e  a t t r a c t i o n  be in g
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due s o le ly  to  Van d e r W aal^s1 fo r c e s ,  In  th e se  c irc u m stan c es , th e  h e a t 
o f a d so rp tio n  should  be o f th e  o rd e r o f th e  l a t e n t  h e a t o f v a p o r iz a tio n  [ l8 9  
A lthough th e  method i s  n o t s t r i c t l y  a p p l ic a b le , E /RT be in g  l e s s  th a n  15 
(v id e  S e c tio n  2 * l) ,  assum ing th e  r e a c t io n  to  be f i r s t  o rd e r , th e  a c t iv a t io n  
energy  f o r  th e  lo s s  o f th e  adsorbed w a ter in  th e  f i n a l  s ta g e s  o f th e  non- 
iso th e rm a l decom position  o f n ic k e l hydrox ide was c a lc u la te d  to  be approx­
im a te ly  7 k 9 c a l s .  p e r  mole over th e  range 330-360°C. The v a lu e  o f  th e  
l a t e n t th e a t o f steam  a t  335° was c a lc u la te d  from Steam T ables to  be 4«2 k . 
c a l s .  p e r m ole. These v a lu es  a re  s u f f i c i e n t l y  c lo se  to  su p p o rt th e  
proposed  mechanism.
The X -ray work p rov ided  some evidence f o r  th e  to p o ta c t ic  n a tu re  o f 
t h i s  r e a c t io n ,  The f a c t  th a t  th e  I I I  r e f le x io n  of th e  low tem p era tu re  
oxide was c o n s id e ra b ly  le s s  broadened th a n  th e  200 r e f le x io n  in d ic a te s  th a t  
th e  expec ted  o r ie n ta t io n  r e la t io n s h ip  was being  observed  i . e .  th e  ( h i ) 
p la n e  o f th e  oxide was formed p a r a l l e l  to  th e  (001) p lan e  o f th e  h y d ro x id e ,
5 <? 2• 3* C obalt hyd rox ide
C obalt occup ies a p o s i t io n  in te rm e d ia te  between i r o n  and n ic k e l  
w ith  r e s p e c t  to  th e  ease o f fo rm atio n  o f Co ( i l l ) .  Thus, a lth o u g h  th e  
oxide Co^O^ e x i s t s ,  i t  i s  n o t formed from CoO n e a r ly  so r e a d i ly  as Fe^O^ 
i s  formed from FeO, I t  i s  s ta t e d  th a t  i t  may be o b ta in ed  by f i r i n g  CoO 
in  oxygen a t  400 -  500°C [ l9 0 ] .
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The reaction s
Co„0. + H0 = 3 Co0.+ Ho0 3 4 2 2
has been in v e s t ig a te d  by Emmett and S ch u ltz  [ l 9 l ]  who found th a t  no Co^O^
owas formed by p a ss in g  steam  over CoO a t  500 C. As w ith  b o th  i ro n  and n ick e l*
th e  d iv a le n t  s t a t e  i s  more s t a b i l i z e d  in  o c ta h e d ra l environm ents by
7
c r y s t a l - f i e l d  e f f e c t s .  In  a te t r a h e d r a l  environm ent, th e  d c o n f ig u ra t io n
(Co ) i s  more s t a b i l i z e d  th a n  th e  d (Co ) f bu t th e  a c tu a l  m agnitude o f
th e  s t a b i l i z a t i o n  i s  le s s  th a n  th a t  f o r  an o c ta h e d ra l environm ent* The
f a c t  th a t  Co„0. i s  a norm al s p in e l  w ith  th e  d iv a le n t  io n s  in  te t r a h e d r a l  3 4
h o le s  must be due to  th e  low er energy o f th e  io n  in  a t e t r a h e d r a l  s i t e .
For th e  r e a c t io n :
Co(0H)2( s ) = CoO ( s )  + H20 (g)
a t  298°K, A H  = 16 .2  k . c a l s .  p e r  mole* This v a lu e  r e l i e s  on 
Thomsen’ s d a ta  [53] which may be in  e r r o r  by a few k . c a l s .  There a re  no 
v a lu e s  o f^ G  a v a i la b le  f o r  Co^H)^* The measured v a lu e s  o f th e  a c t iv a t io n  
energy  a re  q u ite  c lo se  to  t h i s  va lue  w ith  th e  ex cep tio n  o f one which was 
r a th e r  low* This i s  a lm ost c e r ta in ly  a sp u rio u s  r e s u l t .  In  view o f th e  
f a c t  t h a t  th e  r e a c t io n  was observed  to  proceed  a t  a h ig h e r tem p era tu re  and 
h ig h e r  v a lu e s  o f a were used in  th e  c a lc u la t io n ,  i t  i s  p o s s ib le  th a t  th e  
decom position  was la r g e ly  com plete and th a t  th e  measured r e a c t io n  was 
m ostly  due to  th e  r e le a s e  o f w a ter adsorbed  o r o th e rw ise  r e ta in e d  by th e
oxide* The c lo se n e ss  o f E f o r  t h i s  ru n  to  th e  l a t e n t  h e a t o f v a p o u riz a -  
t io n  o f w a ter a t  th o se  tem p e ra tu res  i s  su p p o rt fo r  t h i s .  ' I t  i s  to  he 
expected  th a t  CoO w i l l  behave s im ila r ly  to  NiO in  t h i s  r e s p e c t  as i t  i s  
a lso  a p - ty p e  sem i-conducto r w ith  c a t io n  v a c a n c ie s . A lthough Co^O^ i s  
n o t e a s i ly  form ed, CoO chem isorbs oxygen more r e a d i ly  th an  NiO, 
in c o rp o ra t io n  ta k in g  p la ce  a t  low er tem p era tu res  [ 192] .  This g re a te r  
ease  o f fo rm atio n  o f a d e fe c t s t r u c tu r e  e x p la in s  th e  f a c t  th a t  CoO i s  
a lm ost in v a r ia b ly  b lack  o r dark  g rey , even when p rep a red  a t  h ig h  tem pera­
tu r e s  [ l 9 3 ] • The p roduct o b ta in ed  in  our vacuum decom position  experim ents 
was dark  grey*
The on ly  d i r e c t  ex p erim en ta l ev idence f o r  th e  to p o ta c t ic  n a tu re  
o f  t h i s  r e a c t io n  came from X -ray  powder phonographs o f c o b a lt  oxide 
o b ta in e d  by th e  hydro therm al decom position  o f th e  h y d ro x id e . As w ith  
n ic k e l  o x id e , th e  I I I  r e f le x io n  appeared  to  be le s s  broad th an  th e  200, 
though in  t h i s  c a se , th e  d i s t i n c t io n  was n o t so g r e a t .  I t  i s ,  however, 
re a so n a b le  to  assume th a t  th e  expected  o r ie n ta t io n s  would be observed .
5*2.4* The r a t e  c o n tr o l l in g  s te p
A s  t h e  m e a s u r e d  a c t i v a t i o n  e n e r g i e s  o f  d e c o m p o s i t i o n  f o r  a l l  
t h r e e  c o m p o u n d s  s t u d i e d  a r e  s o  v e r y  s i m i l a r  a n d  a r e  a l s o  i n  a g r e e m e n t  
w i t h  v a l u e s  o b t a i n e d  f o r  t h e  a n a l a g o u s  m a g n e s i u m  h y d r o x i d e  s y s t e m ,  i t  i s  
r e a s o n a b l e  t o  s u p p o s e ,  h a v i n g  r e g a r d  t o  t h e i r  s t r u c t u r a l  i d e n t i t y ,  t h a t
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the ra te  c o n tr o llin g  step  in  the decom position i s  the same in  a l l  c a se s .
The most e n e rg e tic  s te p  in  th e  r e a c t io n  must be th e  p ro to n  t r a n s f e r  
p ro c e ss :
20H~ = 02"  + H20
so th a t  th e  m easured a c t iv a t io n  energy must in c lu d e  th e  h e a t o f t h i s  
r e a c t io n  p lu s  th e  balance  o f o th e r  energy  term s in v o lv ed  in  th e  t r a n s f o r ­
m ation . The a c t iv a t io n  energy fo r  th e  d if f u s io n  o f p ro to n s  in  n ic k e l  
hydrox ide was found to  be 21 k .  c a l s .  p e r mole by F e itk n e c h t, W yttenbach 
and Buser [ l9 4 ] .  A lthough th e re  may be some s te p  common to  b o th  p ro c e ss e s , 
such a correspondence o f a c t iv a t io n  e n e rg ie s  i s  by no means a co n c lu s iv e  
p ro o f o f th e  i d e n t i t y  o f r e a c t io n  mechanisms.
In  th e  case  o f magnesium hydrox ide , th e  ap p aren t e x is te n c e  o f 
in te rm e d ia te  phases made i t  n e ce ssa ry  to  p o s tu la te  an inhomogeneous 
decom position  mechanism ( S e c tio n  1 . 4 . ) .  The p re se n t work has p rov ided  
no ev idence f o r  th e  e x is te n c e  o f such phases in  th e  n ic k e l  hydroxide 
decom position  and so th e re  i s  no reaso n  to  suppose t h a t  th e  mechanism i s  
n e c e s s a r i ly  inhomogeneous.
5 .5 .  H ydrotherm al r e a c t io n s
Under hydro therm al c o n d itio n s , th e  decom position  o f fe r ro u s  
hydroxide  w i l l  be re p re se n te d  by th e  S ch ik o rr r e a c t io n :
3Pe(0H)2 = F sJ )  + 2H20 + H2
In  th e  p resen ce  o f a la rg e  excess o f w a te r , no fe r ro u s  oxide could  e x is t  
f o r  a m easurable p e rio d  o f tim e , bu t n o n e th e le s s , th e  r a t e  d e te rm in in g  s te p  
in  t h i s  p ro cess  should  be th e  same as in  th e  decom position  o f th e  dry  s o l id  
i f  th e  r e a c t io n  rem ains a s o l id  phase tra n s fo rm a tio n . The f a c t  th a t  
K esten  and L asher [35] o b ta in ed  a v a lu e  f o r  E o f 21 k . c a ls  p e r  mole 
as compared w ith  our v a lu e  o f 22*5 k . c a l s .  p e r  mole i s  in  agreem ent w ith  
t h i s .  There i s ,  however, a c o n s id e ra b le  change in  th e  m easured r a te s  o f 
r e a c t io n ,  th e  decom position  in  th e  dry  s t a t e  be in g  much f a s t e r .  I t  i s  
d i f f i c u l t  to  see  why p re s su re  shou ld  have t h i s  e f f e c t  i f  th e  r a t e  determ ining 
s te p  i s  an io n ic  p ro cess  o c c u rr in g  in s id e  th e  c r y s t a l .  The d if fe re n c e  
co u ld , p e rh ap s , in  th e  case  o f fe r ro u s  h yd rox ide , be a t t r i b u t e d  to  a 
d if f e r e n c e  in  p a r t i c l e  s iz e  between our sam ples and th o se  used by 
K esten  and L ash er. Such an e x p la n a tio n , however, cannot e x p la in  our 
o b se rv a tio n s  on n ic k e l  h y d ro x id e . For th e  r a t e  to  be so dependent on 
p re s s u re ,  th e  r a t e  d e te rm in in g  s te p  would have to  be th e  d i f f u s io n  o f 
w a te r ou t o f th e  c r y s t a l .  There i s ,  u n fo r tu n a te ly , no o th e r  ev idence 
to  su g g es t w hether t h i s  cou ld  be sc* The o th e r  a l t e r n a t iv e  i s  t h a t  th e  
r e a c t io n  may proceed  by a d i f f e r e n t  ro u te  under hydro therm al c o n d itio n s .
The o b je c t io n  to  t h i s  is  th a t  there  then seems to  be no rea so n  why th e  r e a c t io n  
shou ld  be s low er under hyd ro therm al c o n d it io n s .
As f a r  as th e  n a tu re  o f  th e  r e a c t io n  p ro d u c t i s  concerned , we 
shou ld  n o t expec t an y th in g  o th e r  th an  NiO and CoO to  be form ed, as indeed
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was th e  c a s e . The yellow  co lo u r o f th e  CoO produced was r a th e r  s u rp r is in g *  
I t  would appear th a t  a t  300°C, th e  e q u ilib r iu m  in  th e  r e a c t io n ;
3Co0 + Ho0 = Co„0. + H_ i s  so f a r  to  th e  l e f t  th a t  
re d u c tio n  ta k e s  p lace  o f th e  C o ( l l l )  which would be p re s e n t by v i r tu e  o f 
th e  norm al d e fe c t s t r u c tu r e  o f CoO.
5 .4 .  X -ray s tu d ie s
The X -ray  r e s u l t s  r e le v a n t  to  th e  c ry s ta l lo g ra p h ic  mechanism o f 
th e  decom positions have a lre a d y  been d iscu ssed  and no f u r th e r  re fe re n c e  
w i l l  be made to  them in  t h i s  s e c t io n  which i s  concerned w ith  th e  d if fe re n c e s  
between th e  two specim ens o f  n ic k e l  hyd rox ide .
The la c k  o f back r e f le x io n s  and th e  g r e a te r  degree o f l i n e  b roaden ing  
i n  th e  sample p rep ared  by p r e c ip i t a t io n  may have been caused by a degree 
o f  randomness in  th e  s t r u c tu r e ,  s t r a i n  in  th e  c r y s ta l s  o r  a c r y s t a l l i t e  
s iz e  o f <£10 ^cms, [ 163] .  Of th e se  f a c to r s ,  d is o rd e r  and s t r a i n  a re  more 
l i k e l y  to  account f o r  th e  absence o f back r e f le x io n s ,  w h ils t  any o r a l l  o f 
th e  th r e e  may be re s p o n s ib le  f o r  th e  b ro ad en in g . I t  i s  p o s s ib le ,  in  
fa v o u ra b le  c a s e s , to  d is t in g u is h  between broaden ing  due to  s t r a i n  and th a t  
due to  sm all p a r t i c l e  s i z e ,  by an a n a ly s is  o f X -ray d if f r a c to m e te r  t r a c e s  
u s in g , f o r  exam ple, a F o u r ie r  method [ l9 5 ] .  However, bo th  t h i s  and o th e r  
methods a re  s e n s i t iv e  to  th e  shape o f th e  ends o f th e  peak and w ith  n ic k e l  
h y d ro x id e , which has a v e ry  h ig h  background l e v e l ,  i t  would n o t have been
p o s s ib le  to  o b ta in  u s e fu l  in fo rm a tio n  by t h i s  p ro ced u re . I t  i s  p o s s ib le  
t h a t  much o f th e  b roaden ing  was caused by th in n e s s  o f th e  c r y s ta l  in  th e  
c d i r e c t io n  as n ic k e l  h y d ro x id e , by v i r t u e  o f i t s  s t r u c tu r e ,  ten d s  to  
form p la te  l i k e  c r y s t a l s .  G rinding  would produce c leavage  p a r a l l e l  to  
th e  la y e r s ,  so in c re a s in g  t h i s  e f f e c t  and in  a d d it io n  i t  in tro d u c e s  s t r a in s  
which le a d  to  an a d d i t io n a l  b roaden ing .
The r e s u l t s  showed th a t  a lth o u g h  th e  l a t t i c e  param eter aQ was th e  
same f o r  b o th  sam ples o f n ic k e l  hyd rox ide , w ith in  th e  l im i t s  o f  ex p erim en ta l 
e r r o r ,  th e  param eter cq was g r e a te r  by some 0»03§. i . e .  about 0 .7 $  f o r  th e  
sample p rep a red  by p r e c ip i t a t io n .  The sodium c o n ten t found by a n a ly s is  
i s  n o t s u f f i c i e n t  to  account f o r  th i s  change. For exam ple, 5-6$  o f 
li th iu m  im p u rity  i s  re q u ire d  to  produce a m easurable change in  th e  l a t t i c e  
p a ram eter o f n ic k e l  oxide [ l9 6 ] .
The g r e a te s t  d if f e re n c e  between th e  two sam ples l i e s  in  th e  measured 
i n t e n s i t i e s  o f th e  r e f le x io n s  (T able 4 2 ). This d if f e re n c e  i s  n o t due 
to  a v a r i a t io n  in  th e  p o s i t io n  o f th e  hydroxyl io n  in  th e  u n i t  c e l l ,  
f o r  c a lc u la t io n s  w ith  v a lu es  o f u^>0.25 showed th a t  t h i s  would change th e  
i n t e n s i t i e s  in  th e  wrong d i r e c t io n .  For u<£0.25* i t  i s  to  be expected  
t h a t  th e re  would be an in c re a s e  in  th e  param eter a^ , which i s  n o t th e  case* 
I t  i s  p o s s ib le  th a t  th e  sample p rep a red  by p r e c ip i t a t io n  may have a 
d i s to r te d  l a t t i c e  te n d in g  tow ards th e  CdCl2 s t r u c tu r e  [ l9 7 ]  as such 
d i s to r t io n s  cou ld  produce q u ite  la rg e  changes in  th e  i n t e n s i t i e s  o f
r e f le x io n s ,  to g e th e r  w ith  th e  l in e  b roaden ing  and la c k  o f back r e f le x io n s  
r e f e r r e d  to  p re v io u s ly . The la rg e  d isc rep an cy  between th e  measured and 
c a lc u la te d  i n t e n s i t i e s  o f th e  100 r e f le x io n  o f th e  hydroxide p rep a red  
from  th e  ammine i s  n o t r e a d i ly  ex p la in ed . I f  a v a lu e  o f u = 0*27 i s  
ta k e n , th e  c a lc u la te d  r e l a t i v e  i n t e n s i t i e s  o f th e  001,100 and 101 
re f le x io n s  a re  found to  be 90,41  and 100 re s p e c tiv e ly *  A lthough th e  
i n t e n s i t i e s  f o r  th e  001 and 101 r e f le x io n  a re  now i n  th e  wrong o rd e r , 
th e  much g r e a te r  v a lu e  f o r  th e  100 r e f le x io n  su g g es ts  t h a t  u i s  g r e a te r ,  
by some sm all amount, th a n  th e  id e a l  v a lu e  o f 0.25* The n e g le c t o f 
a b so rp tio n  e f f e c t s  makes i t  im p o ssib le  to  g iv e  a more q u a n t i ta t iv e  e stim ate*  
A nother p o s s i b i l i t y  i s  th a t  in  p roducing  th e  specim en f o r  th e  d i f f r a c to ­
m eter, a c e r t a in  amount o f o r ie n ta t io n  was in tro d u ce d  in to  th e  powder.
The form ula used re q u ire s  th a t  th e  powder shou ld  be com ple te ly  random in  
t h i s  r e s p e c t .
The d is c re p a n c ie s  between th e  r e s u l t s  o b ta in ed  by p rev io u s  w orkers 
and our v a lu es  a re  in  most cases  due to  th e  f a c t  th a t  t h e i r  i n t e n s i t i e s  
were m easured by d e n s ito m e tr ic  m ethods. These a re  u n r e l ia b le  where th e re  
i s  a c o n s id e ra b le  v a r ia t io n  in  th e  b re a d th  o f l i n e s .  For exam ple, v is u a l  
e s tim a tio n  w ith  our powder photographs su g g ested  th a t  th e  r e l a t i v e  
i n t e n s i t  y  o f th e  100 r e f le x io n  was n e a r ly  tw ice  as g re a t  as th e  measured 
v a lu ed  o b ta in e d  from th e  d if f ra c to m e te r  t r a c e s .  The v a lu e s  quoted by 
C airn s  and O tt [68] a re  c a lc u la te d ,  r a th e r  th a n  measured v a lu e s . There
seems to  "be no reaso n  f o r  th e  la c k  o f agreem ent in  t h i s  c a s e ,
5 * 5 *  The c o rro s io n  o f s t e e l  by h igh  tem p era tu re  w ater
The b e s t  e x p la n a tio n  o f th e  c o rro s io n  p ro cess  advanced to  d a te  i s  
t h a t  o f P o t t e r  and Mann [ 32] whose co n c lu s io n s  a re  f u r th e r  re in fo rc e d  
by th e  work o f F ra s e r  and Bloom [ 198] ,  There seems no doubt th a t  th e  
b u lk  o f th e  c o rro s io n  p ro cess  le a d in g  to  m ag n etite  fo rm atio n  i s  re p re se n te d  
by th e  e q u a tio n :
3Fe + 4-H 0 = Fe_0„ + 4H_2 3 4 2
F ra s e r  and Bloom su ggest th e  s im i la r  eq u a tio n :
3Fe + 40^”  = FeO,. + 4H + 4 £
3 4
which e x p la in s  d i r e c t l y  th e  in c re a s e  in  c o rro s io n  r a t e  w ith  h ig h  hydroxide 
c o n c e n tra tio n s*  The o u te r  n o n -adheren t la y e r  observed by a l l  th e se  
w orkers was supposed by P o t t e r  and Mann to  r e s u l t  from th e  d i f f u s io n  o f 
fe r ro u s  io n s  th rough  th e  m ag n etite  la y e r  to  th e  o x id e -w a te r in te r f a c e  where 
f e r ro u s  hydrox ide was formed which th en  decomposed to  g ive  m ag n etite  by 
th e  S c h ik o rr  r e a c t io n ,  F ra s e r  and Bloom su g g es t th a t  e i t h e r  th e  in n e r  
m ag n e tite  f i lm  i s  p o ro u s, a llo w in g  th e  s o lu t io n  to  re a ch  th e  m e ta l, o r 
e ls e  io n ic  a n d /o r atom ic d if f u s io n  tak e  p la c e  i n  th e  f i lm . The balance  
o f  ev idence  seems to  fav o u r th e  l a t t e r .  There i s  some d ebate  as to  
w hether f e r ro u s  hydrox ide i s  as s ta b le  when formed in  s i t u  d u rin g  co rrosion
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as th e  experim ents o f Shipko and Douglas [15] and K e ste r  and L asher [35]
suggest*  Bloom [ l l ]  m a in ta in s  th a t  th e  r e s u l t s  o f Linnenbom [ l9 9 ]  show
t h a t  experim ents on p rep ared  specim ens o f f e r ro u s  hydroxide a re  u n re lia b le *
Linnenbom h e a te d  pure g e la t in o u s  fe r ro u s  hydroxide p r e c ip i t a t e s  in  s e a le d
pyrex  tu b es  f o r  2 ,5  days a t  120°C w ith o u t any decom position  ta k in g  p la c e ,
w h ils t  h is  experim ents w ith  c o rro d in g  i ro n  gave on ly  m ag n etite  a t  60°C*
T his o b se rv a tio n  does n o t ,  however, in v a l id a te  th e  mechanism proposed fo r
th e  fo rm atio n  o f  th e  o u te r  m ag n etite  la y e r ,  b u t i t  does su g g est th a t  th e
t r a n s p o r t  o f slow ly  decomposing s o l id  fe r ro u s  hydroxide round w ater loops may
n o t  be a source  o f Hc ru d ” ,
In  th e  case  o f c o b a lt  and n ic k e l  h y d ro x id es , th e  decom position
p ro d u c ts  a re  CoO and NiO r e s p e c t iv e ly .  W ith h ig h  c o b a lt  o r n ic k e l
a l lo y s ,  th e se  compounds would a lso  be formed as th e  prim ary  c o rro s io n
p ro d u c t, though n o t to  a g re a t  e x te n t ,  b o th  c o b a lt  and n ic k e l  b e in g , in
g e n e ra l ,  more r e s i s t a n t  to  a t ta c k  by w a ter th an  i r o n .  Due to  t h e i r  c a t io n
d e f ic ie n c y , i t  i s  no t to  be expected  th a t  th e se  compounds w i l l  p rov ide  a
good b a r r i e r  a g a in s t  c o r ro s io n . I t  i s  known, f o r  example, th a t  th e re  i s
oa marked in c re a s e  in  th e  r a t e  o f c o rro s io n  o f s t e e l  by steam  above 570 C, 
th e  tem p era tu re  a t  which FeO becomes th e  s ta b le  oxide phase [200]* In  
a l lo y s  w ith  i r o n ,  bo th  c o b a lt  and n ic k e l  cou ld  be in c o rp o ra te d  in  th e  
s p in e l  l a t t i c e ,  though t h i s  would re q u ire  th e  C o ( ll)  and N i ( l l )  io n s  to  
occupy o c ta h e d ra l  s i t e s .  Such a p o s i t io n  seems p a r t i c u l a r ly  u n favourab le
f o r  C o (ll)  a n d  t h i s  m a y  a c c o u n t  f o r  t h e  f a c t  t h a t  t h e  c o b a l t  c o n t a i n i n g  
s p i n e l  i s  n o t  o f  C o m m o n  o c c u r r e n c e .
The r a t e  o f decom position  o f c o b a lt  hydrox ide i s  com parable to  t h a t  
o f  f e r ro u s  hydroxide a t  s im i la r  te m p e ra tu re s . E x tra p o la tio n  o f  th e  
r e s u l t s  to  300°C showed th a t  bo th  decom positions would be m easurably  slow 
a t  th a t  tem p e ra tu re . However, in  view o f th e  o b se rv a tio n s  on fe r ro u s  
h y d ro x id e , i t  i s  p o s s ib le  th a t  c o b a lt hydrox ide may n o t be a sou rce  o f 
t r a n s p o r t  o f ra d io a c t iv e  c o b a lt  in  r e a c to r  loop system s. Indeed , th e  
s o l u b i l i t y  o f c o b a lt  hydrox ide as determ ined  from i t s  s o l u b i l i t y  p roduct 
seems s u f f i c i e n t  to  account f o r  th e  c o n c e n tra tio n s  observed [ 2 0 l ] .
I t  seems o f i n t e r e s t  th a t  th e  d e riv ed  a c t iv a t io n  energy [ 24] fo r  
th e  c o rro s io n  o f s t e e l  by w ater (21 k . c a l s ,  p e r  mole) i s  s im i la r  to  th e  
v a lu e s  f o r  th e  decom position  o f fe r ro u s  and o th e r  h y d ro x id es , bo th  fo r  
th e  d ry  s o l id s  and under hydro therm al c o n d it io n s . I t  has p re v io u s ly  been 
su g g ested  (S e c tio n  1 .1 . )  t h a t  t h i s  v a lu e  i s  in d ic a t iv e  o f a d if f u s io n  
c o n tro l le d  p ro c e ss  so th e  correspondence may be p u re ly  f o r tu i to u s ,  f o r  
as has been p o in te d  o u t, th e  measured a c t iv a t io n  energy i s  th e  summation 
o f  a  number o f energy term s and such agreem ents p ro v id e  no p ro o f o f th e  
i d e n t i t y  o f r e a c t io n  mechanisms.
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